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To avoid disrupting the flow in flood control channels with lateral drainage pipes, or impact 
channel capacity, confluences are constructed at small angles (Maximum 30○). These small 
angles are costly to construct, since they require more real estate than greater angles. 
By performing several laboratory experiments in the Fluid Dynamics Laboratory of the 
University of Nevada, Las Vegas (UNLV) and utilizing a numerical model (FLOW-3D), this study 
investigated the impact of submerged lateral drainage pipe discharges into rectangular open 
channels, on flow topology in the confluence hydrodynamics zone (CHZ). This was done across 
a range of channel widths, flow rates, Froude numbers, junction angles, inlet pipe diameters, and 
lateral flows, to main channel flow ratios. The flow topology information in channel confluences 
with lateral drainage pipes is necessary to determine the channel wall heights required to 
contain flows in the vicinity of laterals.  
The experiments were conducted in two different flume configurations with different 
widths of 16” and 24”, and three junction angles of 30°, 45°, and 90°. They had lateral flow to the 
main channel flow ratios of 2.5% and 5% for the wide channel configuration, and 2.5%, 5%, and 
7.5% for the narrow channel configuration, as well as different Froude numbers from 0.7 (sub-
critical) to 3.27 (super-critical). The experimental results showed that, as the junction angle and 
the lateral flow proportions increased, the maximum water height ratios in the channel also 
increased.  
Furthermore, the simulations were performed on three different channel widths of 10’, 25’, 
50’, with three initial water heights in the channel of 4’, 7’, 10’. They included three junction 
angles of 30°, 45°, 90° and three lateral pipe diameters of 1.5’, 3’, 5.’ The lateral flow to main 
channel flow ratios were 2.5%, 5.0%, 10% (based on the flow rates in the 10’ channel, in order 
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not to exceed a maximum flow velocity of 50 ft/s in the pipe), as well as three Froude numbers 
of 0.8, 1.2, 2.0. 
Several zones were identified in the open channel confluences that were simulated: (1) a 
zone of flow stagnation near the upstream junction corner; (2) a zone of flow deflection; (3) a 
zone of negative pressure; (4) a flow separation zone below the downstream junction corner; 
(5) the water level drawdown immediately downstream of the junction; (6) the maximum water 
height; and, (7) a flow recovery zone in the downstream of the channel. The simulation results 
showed that the junction angle and momentum ratios were the main factors impacting the shape 
of these zones, and consequently, the flow topology in the CHZ. 
Moreover, it was observed that as the two flows merged in the confluence, the flow rate and 
velocity in the channel and pipe, along with the junction angle, were the main factors impacting 
maximum water height in the CHZ. Therefore, as the product of the mass flow rate and velocity 
is the momentum, and as the perpendicular component of the momentum through the lateral 
pipe impacts the flow characteristics in the channel, 
QV + qv(cosθ)
qv(sinθ)
 was related to the relative 
increase in the channel’s water height (H/H0), to develop conservative design curves.  
The results showed that flow structure and water surface variations in the CHZ were highly 




). Moreover, it was observed that as the 
QV + qv(cosθ)
qv(sinθ)
 increased, H/H0 in the 








 was greater than 1,000, the channel’s maximum increase in water height 
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was 10%. This implies that the 
QV + qv(cosθ)
qv(sinθ)
 values of 500 and 1,000 can be considered as critical 
numbers in designing open channel confluences with lateral drainage pipes. 
Finally, the results were used to develop conservative design curves for channel confluences 
with lateral drainage pipes. The developed design curves can be used to analyze water surface 
elevation variations in different channel and pipe configurations and flow conditions to 
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Chapter 1: Introduction 
Confluences of open channels and lateral drainage pipes are important elements in the 
hydraulic networks of man-made canals [1]. They are necessarily encountered at the end of 
urban sewage or agricultural subsurface drainage networks, where they release water [2]. Flow 
through lateral drainage pipes to open channels impacts channel capacity and disrupts the 
natural flow of water by creating turbulence in the vicinity of the inlet pipe, as well as influencing 
flow characteristics in the confluence hydrodynamics zone (CHZ) (Figure 1). 
Even though these confluences represent a critical component of drainage system geometry, 
they have received surprisingly little attention from researchers and engineers. This is mainly 
due to the relatively large number of parameters involved, along with the complex flow features 
occurring in the CHZ [3]. As a result, no comprehensive data set has been compiled that describes 
the 3D flow field within the CHZ [4].  
The complexity of an open channel confluence stems from flow mixing, secondary 
circulation, post-confluence flow separation, contraction, and backwater effects. These effects, in 
turn, result in a large number of parameters required to adequately describe flow patterns and 
turbulent flow structures, due to flow merging [5]. In a CHZ, the flow topology is governed by 
parameters such as confluence geometry (angle, channel widths, bed discordance presence, and 





Figure 1. The confluence of an open channel with lateral drainage pipe 
 
1.1. Motivation and Research Questions 
Studying the combination of flows in open channel confluences with lateral drainage pipes 
has direct application in drainage system open channel network design. One important 
parameter in such design is estimating the rise in flow depth, due to the lateral flow effect, and 
in a CHZ, this effect can be significant [7]. An understanding of these flow conditions is necessary 
for the hydraulic design of the channel walls (height and length) that are required to contain 
these flows in the vicinity of laterals [8]. In this regard, the present study seeks to answer the 
following questions: 
- What would be the impact of submerged lateral drainage pipe discharges into 
rectangular open channels, on the flow topology (including maximum water height) in a 
CHZ, for different channel widths, flow rates, Froude numbers, confluence angles, inlet 
pipe diameters, and lateral flows to the main channel flow ratios (Figure 2)? 
- Under what circumstances will the maximum increase in water surface elevation be 






















Chapter 2: Literature Review 
A comprehensive search for similar studies was completed to support the development of 
this study. Initially, the study of junction flows was mainly conducted using experimental 
approaches. Most of these studies were performed on laboratory-scale physical models, with 
simplified channel and intersection geometry and flow conditions (Figure 3). 
 
 
Figure 3. The confluence of two channels 
 
From the beginning of laboratory research on confluences, starting with Taylor [4], the 
incoming discharges ratio has been recognized as a key parameter. Taylor was probably the first 
to apply a dye flume test to study combining and dividing flow characteristics at prismatic open-
channel junctions. The experiments were conducted in small, horizontal, rectangular channels of 
equal widths at junction angles of 45° and 135°. The intersections were constructed of 
transparent plastic, and the water surface elevations surfaces were controlled utilizing gates 
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opening at the lower ends. The experimental observations showed that the depths in the two 
channels upstream of the junction had nearly the same value, regardless of the junction angle. 
Subcritical conditions were maintained throughout the entire junction domain. Conformity 
mapping also demonstrated different streamlines and separation zone sizes, according to 
different junction angles and discharge ratios. The shortcoming of his study was the absence of 
pressure measurements on the branch channel walls, which led to failure in estimating the 
momentum transfer from the branch to the main channel [4]. 
In 1950, super-critical flow in a channel junction was analyzed by Bowers [9]. Further 
analysis on angles between channel confluences and their impact on flow characteristics was 
carried out by Schnitter et al. in 1955 [10]. In 1966, Behlke and Pritchett's studies involved 
analyzing super-critical flow in junctions with three different angles: 15°, 30° and 45° [11]. 
Webber and Greated re-examined the field covered by Taylor’s experiment and extended 
the scope to include 30°, 60° and 90° angles of intersection. Their photographs of aluminum dust 
on the water surface gave good illustrations of fluid behavior at low Froude numbers. The 
laterals with smaller junction angles appeared to have longer water interface with the main 
stream, which was attributed to greater turbulent mixing and the resulting energy loss, along 
with some water surface level fluctuation. Their photographs also depicted streamline patterns. 
The flow depths upstream and downstream of each junction angle were measured by pointer 
gauges, and the velocity distribution at the cross-sections where the depths were measured was 
determined using a miniature current meter. The piezometric pressures at the boundaries were 
measured for a discharge ratio of 0.6. Utilizing the experimental data, the energy loss was 
calculated for each set of conditions against the downstream Froude number. The results 
indicated a general increase in energy loss with increasing junction angle. By employing the free-
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streamline concept, they also obtained a streamline pattern for the 90° junction [7]. However, 
the method proposed by Webber and Greated does not apply to junction angles other than 90°. 
The U.S. Army Corps of Engineers, Los Angeles District reported that the minimal junction 
angle and the downstream transition wall length are two major parameters that should be taken 
into account in designing confluence structures. They conducted several experiments on open 
channels with various junction angles, and recommended that the junction angle should be 
limited to 12° [3]. This recommendation for limiting the angle of the junction is repeated in a U.S 
Army Corps of Engineers report in 2006 [12]. 
In another study, Lin and Soong investigated the energy loss in open channel junctions. They 
divided the energy loss stemming from the separation zone into two parts: i.e., a boundary 
friction loss and a turbulent mixing loss. The experimental results showed that regardless of the 
different mechanisms that cause energy loss, the two energy loss partitions were at the same 
order of magnitude. The experiment, conducted in a fixed laboratory open channel configuration, 
provided a set of turbulent mixing loss coefficients as functions of the total lateral to flow rate 
ratio. It was concluded that in one-dimensional flow analysis, the turbulent mixing loss must be 
taken into account [13]. 
A more generalized analysis of the problem using the same approach originally developed 
by Webber and Greated was carried out by Modi et al. The analysis was then applicable to 
rectangular channels with any junction angle or bed width. The results provided details of the 
separating streamline geometry and stagnation point location. It was shown that the stagnant 
fluid between the free-streamline and inner side of the channel boundary increases with an 
increase in the junction angle. However, this approach did not account for energy losses, and was 
only useful for very small Froude numbers [14]. 
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In 1981, Joy presented the velocity, shear stress distribution, and energy correction 
coefficients for a 90° junction. The experimental observations indicated that the kinetic energy 
correction coefficient increases with an increase in the discharge ratio or a decrease in the lateral 
channel width [15]. 
Best and Reid experimentally analyzed the geometry of separation zone in sharp-edged 
open channel junctions with five different junction angles (15°, 30°, 45°, 70°, and 90°), with equal 
channel widths. The subcritical flow was maintained in all runs, with small upstream Froude 
numbers in the range between 0.1 and 0.3. The length and the maximum separation zone width 
were obtained and expressed in terms of the discharge ratio and the confluence angle. It was 
shown that both the maximum width and length of the separation zone increase with the 
junction angle and ratio of lateral to total discharge. The width to length ratio was found to be 
controlled by the momentum ratio and effect of the free surface on the junction flow. Their 
experimental results also showed that the theoretical formula of Modi et al. overestimated the 
flow separation width [16]. 
In 1987, Best proposed a generalized division of river channel confluences into six major 
zones through a confluence flume experiment: (1) flow stagnation zone in the upstream corner; 
(2) flow deflection zone; (3) flow separation zone that forms just downstream of the junction 
corner; (4) maximum velocity zone, due to contraction of flow after the junction; (5) flow 
recovery zone far enough downstream where uniform flow become dominate again; and (6) 
shear layers. He concluded that the entry of a lateral flow into the main channel resulted in an 
increase in the hydraulic resistance to the flow, due to turbulent mixing and friction losses. A 
water surface rise was observed upstream of the junction, as a result of the mutual obstruction 
effects caused by the main and branch channel flows. Another distinguishing feature was the 
8 
 
appearance of a shear plane shewed into a lesser or greater extent, depending upon the 
differences in the branch and main channel flow velocities. The lateral inflow made the main flow 
deflect towards the opposite bank, along with causing an unstable separation zone just 
downstream of the junction. The resultant contraction reduced the channel capacity, and hence, 
introduced a downstream flow acceleration, bed scouring, and bank erosion [17]. 
Hager predicted the separation zone width with a 1-D approach, in discussing the 
experimental findings by Best and Reid. He assumed that the free surface remains essentially 
horizontal downstream, and the energy losses from the upstream channels to the section of 
maximum contraction were neglected. For junction angles up 70°, the computed results had good 
agreement with Best and Reid; however, deviations appeared for θ = 90°. The deviations were 
attributed to the deviation of the average streamline angle from the junction angle [18]. 
In 1988, Ramamurthy et al. proposed a model based on the momentum principle for 
subcritical flow in the right-angled, sharp-edged junctions of rectangular channels. They derived 
a relation between the flow depth ratios and the lateral to total discharge ratio. In this model, the 
contribution of the momentum transfer from the branch channel to the main channel was 
included, since this factor’s effect can be significant if the lateral discharge is relatively large. 
However, the troublesome assumptions of equal upstream depths, equal widths, and free 
boundary friction were still limitations of his study [19]. 
In 1989, Hager presented detailed propeller anemometer measurements of the velocity 
field, combining open channel flow in a rectangular channel of equal width in junctions at 22.5° 
and 45°, for transitions from subcritical to supercritical flow. The experimental results indicated 
that transitional flow only occurs when the lateral discharge is at least 15% of the total 
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combining flow. Sharp changes in water depth at critical flow conditions were demonstrated in 
his work [20]. 
Mamedov performed field investigations regarding velocity field and sediment 
concentration in the confluence of the Kura and Karasu Rivers in Russia. His main findings were 
the identification of feature zones such as separation zone and stagnation point, as well as flow 
contraction or acceleration downstream of the confluence. He pointed out that these confluence 
flow characteristics were contributors to channel deformation. He detected outside bank erosion 
as a result of velocity shifting toward the opposite bank, and sediments entering from the lateral 
deposited at the inner side of the main channel, immediately downstream of the junction [21]. 
In 1992, Garcia-Navarro and Saviron developed a 1-D numerical model to study 
supercritical flow involving hydraulic jumps and shock propagation through a junction [22]. 
Moreover, Christodoulou studied hydraulic jump formation at junctions with 90° angles and with 
different Froude numbers [23]. In 1994, Ramamurthy et al. studied junctions formed by 
combining two flows, and presented equations to estimate the water height at the stagnation 
zone. They concluded that it is necessary to design a junction in a way to limit the blockage 
magnitude and conserve the flow’s hydraulic energy [24].  
Schwalt and Hager conducted an experiment to illustrate the wave behavior upstream and 
downstream of a junction. They reported that for junctions with angles between 0˚ (parallel 
branches) to 15° (described as a weak angle), wall waves may occur; thus, it is important to take 
the separation zone into account. While for junctions with angles between 15° and 40° 
(described as a strong junction angle), backflow into the upstream branch may occur, which 
results in a highly disturbed wave shape. For junctions with a 90° angle, a local hydraulic jump 
was observed, and therefore, they recommended that the junction angle be limited to 40° [25]. 
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In 1995, Kenworthy and Rhoads conducted a series of field investigations in east-central 
Illinois, USA, at an asymmetrical 60° confluence. The study presented the flow field and cross-
stream, as well as longitudinal variations in sediment concentration downstream of the 
confluence. With the suspended sediment concentration collected, they evaluated the 
relationship between the incoming hydraulic condition and the suspended sediment’s spatial 
distribution. It was shown that the normalized sediment concentration near the confluence’s exit 
is controlled by the relative ratio of momentum flux and mean sediment concentration in the 
upstream channels. However, the measurement only consisted of depth-integrated sediment 
samples and bulk incoming hydraulic parameters [26]. 
To fulfill the need of important feedback between the morphological features present at 
channel junctions and the flow field, Biron et al. examined the mean and turbulent flow structure 
in the streamwise and vertical directions in both concordant and discordant laboratory 
confluences. They did this with the use of a laser doppler anemometer to determine: (1) the 
effects of bed geometry, i.e., concordant and discordant (with a difference in bed elevation) 
incoming channels, on the mean and turbulent flow structure of confluences; (2) the role of shear 
layer deformation on the helical flow cell; and (3) the structure of the streamwise and vertical 
time-averaged and turbulent velocity components. The main findings of this work identified the 
difference between the spatial distribution of normal stresses due to the distortion of the mixing 
interface generated by the bed discordance [27]. 
In 1997, Ramamurthy and Zhu determined various hydraulic parameters, such as energy 
loss coefficients, in channel confluences [28]. In another study, in 1997, Kumar Gurram et al. 
presented a series of experiments to explore main flow features through junction angles of 30°, 
60°, and 90°. The flow pattern was illustrated based both on velocity measurement and 
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photography documentation. The main emphasis was placed on describing the lateral flow and 
flow concentration characteristics in the tail water branch. This study’s main contribution was 
the presentation of expressions for momentum correction coefficients, lateral wall pressure 
force, and flow depth ratios in lateral and upstream branches [1]. 
Moreover, Barkdoll et al. studied surface level alterations caused by right-angled open 
channel diversions [29]. In 1998, 2000, and 2001, Bradbrook et al. conducted a series of 3D 
numerical simulations to investigate velocity field and further examine mixing patterns at 
channel confluences utilizing the PHOENICS model. They also applied their model to study mean 
flow and secondary current characteristics, as well as mixing processes, by changing junction 
angle and velocity ratios [30-32]. In another study in 1998, Hsu et al. computed energy loss 
coefficients, including eddy loss, friction loss, and depth ratio, by applying the overall mass and 
energy conservation principle, along with momentum conservation, to two control volumes to 
solve for the depth ratio. They also studied the separation zone and estimated the contraction 
coefficient [8]. 
Marsalek and Greck, as well as Zhao et al., studied different flow regimes, varying from free 
surface to pressurized, in a combining sewer junction [33, 34]. In 2000, Wang and Cheng used 
FLUENT to simulate a side discharge into the main channel flow. The size of the separation zone 
was studied by varying the velocity and channel width ratio between the two flows [35]. 
Furthermore, Weber et al. used a 3D model to investigate the flow behavior in an open channel 
with a 90° junction, and indicated that any increase in discharge from the lateral channel would 
increase the length of the separation zone, while any decrease in the junction angle would 
diminish the lateral momentum, and consequently, create a narrower separation zone near bed 
depths [36].  
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In 2001, Sukhodolov and Rhoads conducted a field study to examine the three-dimensional 
structure of turbulence within and outside of the shear layer at three stream confluences in 
eastern, central Illinois, USA. Their work also visualized turbulence structure with the high 
accuracy velocity measurements by using an acoustic doppler velocimeter (ADV). The velocity 
time-series observations displayed greater variance and periodicity of measurements within the 
shear layer, or mixing interface, than in the ambient flow. They concluded that the main 
difference in turbulence characteristics between the shear layer and the ambient flow was due 
to the enhanced contribution of cross-section fluctuation to turbulent kinematic energy within 
the shear layer. The relative proportions of these fluctuation component contributions were 
almost uniform in the vertical direction, which implies that lateral shear and the associated 
development of rotating vortices with vertical axes redistribute turbulence kinetic energy 
primarily in the cross-stream direction throughout the water column. These results also verify 
the validity of the hypothesis that within the shear layer the flow is quasi-two-dimensional [37]. 
Huang et al. developed a 3-D numerical model with the experimental data of a 90° junction 
flow under two flow conditions to investigate open-channel junction flow. The computation was 
done for junction angles of 30°, 60°, and 90°, for two discharge ratios of 0.25 and 0.75, 
respectively. The simulation results facilitated visualization of flow pattern variations under 
different controlling factors [38]. 
 In another study in 2002, Gisonni and Hager emphasized the importance of the choke effect 
in junctions of closed conduits with a free surface, and extended knowledge generally limited to 
single conduits (Trajkovic et al.; Vasconcelos and Wright [40, 41]) [39].  
In 2002, Shabayek et al. developed a 1-D dynamic model by applying the momentum 
principle in the streamwise direction to two control volumes in a junction with overall mass 
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conservation. The main advantage of the model was that the model considered the shear force 
and friction of the wall, which was normally neglected in previous work; hence, it was eligible 
for more generalized analysis [42]. 
Moreover, Xiekang and Xianye studied the behavior of flow at a 30° junction, and indicated 
that due to a lateral tributary flow, a backwater was created in the upstream. They illustrated 
the creation of a separation zone beside the inner wall, immediately after the junction that led to 
a high-speed zone in the middle of the channel, and a low-speed zone close to the outer wall [43].  
In another study in 2007, Stockstill investigated the influence of the flow from a lateral 
channel to a high-velocity main channel. This experiment demonstrated that a lateral channel 
with a 90° junction angle can produce a choked flow in the main channel, while wave height 
increase is lower for channels with smaller junction angles. This increase in wave depth 
neutralizes in a distance more than 10 times the channel width at downstream. He also modeled 
junctions at 30°, 60°, and 90° and reported that an increase in junction angle results in an 
increase in peak wave height [44]. 
In 2008, Nedelec and Gay studied the hydraulic properties of subsurface drainage outlets 
into an open-air stream. They conducted experiments in a laboratory flume, with a main 
rectangular channel joined at a right angle to a lateral circular pipe. The flow regime in the flume 
was confined to sub-critical flow. In this study, several flow patterns were identified, combining 
free-surface and pressurized flows. Moreover, changes in water level and energy, in response to 
experimental variable modifications were studied [45]. 
Using a 3D model, Ting and Wei-lin studied the flow characteristics in channel confluences 
at 90°, with equal width [46]. In another study in 2010, Shakibainia et al. conducted 
comprehensive 3D numerical experiments using the SSIIM model to examine the flow structure, 
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such as the secondary currents, velocity distribution, and water surface elevation by varying the 
junction angle, discharge and width ratios, and Froude number [47].  
Furthermore, Pinto Coelho conducted several experiments to evaluate the level of water at 
open channel junctions with 30° and 60° angles under different flow conditions, and determined 
the maximum height of water at the confluence [48]. 
In 2018, Zaji and Bonakdari used artificial intelligence approach (radial basis neural 
network (RBNN), gene expression programming (GEP), group method of data handling (GMDH), 
and nonlinear regression model) to develop accurate, simple, and explicit equations for the 
simulation of a junctions’ main channel velocity to use in practical situations. They concluded 
that using a simple and practical equation, a GEP model with a mean square error (MSE) value 
of 0.055, was more accurate in predicting longitudinal velocity in open-channel junctions than 
RBNN, GMDH. The regression models with MSE values were 0.063, 0.075, and 0.103, respectively 
[49]. 
Moreover, Canelas et al. studied the flow field created by bed discordance at a fixed 70˚ open-
channel confluence, based on detailed free surface topography and three-component acoustic 
Doppler velocimetry measurements. The authors reported that due to bed discordance, the jet-
like flow from the tributary was bent downstream to be aligned with the main channel axis. 
Moreover, they identified a separation zone, producing negative vorticity along the main channel 






Table 1. Summary of the literature review 
Researcher(s) Methodology The study focus 
Taylor (1944) Experimental study. 
Combining and dividing flow 
characteristics at prismatic open-
channel junctions. 
Bowers (1950) Experimental study. 
Super-critical flow characteristics at a 
channel junction. 
Schnitter et al. (1955) Experimental study. 
Impact of junction angles on flow 
characteristics at channel 
confluences. 
Behlke and Pritchett (1966) Experimental study. 
Super-critical flow characteristics at 
channel confluences with different 
junction angles. 
Webber and Greated (1966) Experimental study. 
Fluid behavior and flow 
characteristics at low Froude 
numbers at channel confluences. 
The U.S. Army Corps of 
Engineers, Los Angeles District 
(1975) and U.S Army Corps of 
Engineers (2006) 
Experimental study. Designing confluence structures. 
Lin and Soong (1979) Experimental study. 
Energy loss at open channel 
junctions. 
Modi et al. (1981) Experimental study. 
Streamline geometry and stagnation 
point location at channel confluences. 
Joy (1981) Experimental study. 
Velocity, shear stress distribution, 
and energy correction coefficients at 
a 90° junction. 
Best and Reid (1984) Experimental study. 
The geometry of the separation zone 
at sharp-edged open channel 
junctions. 
Best (1987) Experimental study. 





Separation zone at channel 
confluences. 
Ramamurthy et al. (1988) Analytical study. 
Proposing a model based on the 
momentum principle for subcritical 
flow at the right-angled, sharp-edged 
junctions of rectangular channels. 
Hager (1989) Experimental study. 
Velocity field and water depth at 
critical flow conditions at channel 
confluences. 
Mamedov (1990) Field investigation. 
Velocity field and sediment 
concentration at the confluence of the 
Kura and Karasu Rivers in Russia. 
Garcia-Navarro and Saviron 
(1992) 
Numerical modeling. 
Hydraulic jumps and shock 
propagation through a junction with 




Researcher(s) Methodology The study focus 
Christodoulou (1993) Experimental study. 
Hydraulic jump formation at channel 
junctions. 
Ramamurthy et al. (1994) 
Experimental and 
analytical study. 
Proposing equations to estimate the 
water height at the stagnation zone at 
channel confluences. 
Schwalt and Hager (1995) Experimental study. 
Wave behavior upstream and 
downstream of a junction at channel 
confluences. 
Kenworthy and Rhoads (1995) Field investigation. 
Flow field and cross-stream, as well 
as longitudinal variations in sediment 
concentration downstream of a 
confluence. 
Biron et al. (1996) Experimental study. 
Morphological features present at 
channel junctions and the flow field. 
Ramamurthy and Zhu (1997) Experimental study. 
Hydraulic parameters, such as energy 
loss coefficients at channel 
confluences. 
Kumar Gurram et al. (1997) Experimental study. 
Main flow features at channel 
junctions with different angles. 
Barkdoll et al. (1998) Experimental study. 
Water level alterations at channel 
junctions. 
Bradbrook et al. (1998, 2000, 
and 2001) 
Numerical modeling. 
Velocity field and mixing patterns at 
channel confluences. 
Hsu et al. (1998) Analytical study. 
Energy loss coefficients, including 
eddy loss, friction loss, and depth 
ratio at channel confluences. 
Marsalek and Greck (1988) Experimental study. 
Different flow regimes, in a 
combining sewer junction. 
Wang and Cheng (2000) Numerical modeling. 
Separation zone at channel 
confluences. 
Weber et al. (2001) Numerical modeling. 
Flow behavior in an open channel 
with a 90° junction. 
Sukhodolov and Rhoads (2001) Field investigation. 
3-D structure of turbulence within 
and outside of the shear layer at three 
stream confluences in eastern, central 
Illinois, USA. 
Huang et al. (2002) Numerical modeling. 
Open-channel junction flow 
characteristics at a 90° junction. 
Gisonni and Hager (2002) 
Experimental and 
analytical study. 
Choke effect in junctions of closed 
conduits with a free surface. 
Shabayek et al. (2002) Analytical study. To develop a 1-D dynamic model. 
Zhao et al. (2006) Numerical modeling. 
Different flow regimes, in a 
combining sewer junction. 
Xiekang and Xianye (2007) Experimental study. 
Formation of different zones at 
channel confluences. 
Stockstill (2007) Numerical modeling. Wave height at channel confluences. 
Nedelec and Gay (2008) Experimental study. 
Hydraulic behavior of a pipe outlet 
into an open channel, allowing the 
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Researcher(s) Methodology The study focus 
combination of free-surface and 
pressurized flows. 
Ting and Wei-lin (2009) Numerical modeling. 
Flow characteristics at perpendicular 
channel confluences with equal 
widths. 
Shakibainia et al. (2010) Numerical modeling. 
Flow structure in different channel 
confluences for different junction 
angles, discharge and width ratios, 
and Froude numbers. 
Pinto Coelho (2015) Experimental study. 
Water elevation at open channel 
junctions under different flow 
conditions. 
Zaji and Bonakdari (2018) Numerical modeling. 
To develop equations for the 
simulation of a junctions’ main 
channel velocity. 
Canelas et al. (2019) Numerical modeling. 




Based on the literature review, the first and only study to date on the hydraulic behavior of 
a pipe outlet into an open channel, allowing the combination of free-surface and pressurized 
flows, was conducted by Nedelec and Gay in 2008 [45]. This limited experimental study explored 
the hydraulic properties of subsurface drainage outlets into an open-air stream. This 
experimental study had several limitations, one of which was that the flow in channels during 
floods is super-critical, while the study was confined to sub-critical flow. Another limitation was 
that the angle of the inlet pipe was 90° with respect to the flume, while some flood control 
agencies recommend smaller pipe entry angles. Additionally, the results of the small-sized flume 






Chapter 3: Contributions of This Study 
As discussed in the literature review, except for one experimental study, all experimental 
and numerical studies investigated open channel confluences where channels (not a pipe and a 
channel) meet. Recognizing the knowledge gap, this study addresses the limitations identified in 
the literature review, utilizing experimental and numerical studies, and contributes to a better 
knowledge of flow topology in the CHZ of an open channel and a pipe. Additionally, this study 
can provide a benchmark experimental data set for the validation of future numerical models. 
The experimental studies were performed for sub-critical and super-critical flow conditions with 
different junction angles. Results from these experiments were used to validate the numerical 
model (FLOW-3D) simulations. Finally, the validated numerical model was implemented to 
simulate actual flood control channel dimensions, in order to identify the formation of different 
zones (e.g., stagnation pressure zone, negative pressure zone, separation zone, etc.) in the CHZ, 
and to propose recommendations for the design of channels with lateral pipe inlets. These 
recommendations are based on conservative design curves developed on the basis of the 
momentum principle, according to the relationship between the relative rise in channel water 









Chapter 4: Methodology 
Conventional 1D numerical modeling treats the junctions by means of internal boundary 
conditions for the shallow water equations, by applying mass continuity combined with a 
simplified momentum or energy conservation at the junctions [1, 4, 8, 13, 22, 51, 52]. It is readily 
apparent that such boundary conditions and simplified mathematical models are incapable of 
fully describing the highly turbulent 3D flow features present at a CHZ. The difficulty of 
adequately describing this flow with simplified mathematical models leads to the necessity of 
using a 3D computational fluid dynamics (CFD) code to visualize and understand the flow 
conditions in a CHZ. Numerical modeling is a less time-consuming and expensive way to obtain 
the various flow parameters needed for engineering design. Once a 3D model is validated, 
numerical experiments can be designed and conducted for systematic examination of the 
standalone effects of different primary controls upon the flow structure development. A 3D CFD 
model solves the full 3D form of the Navier–Stokes equations with (Reynolds-averaging (RANS)) 
or without temporal averaging (Direct numerical simulation (DNS)); hence, it is capable of 
adequately reproducing the evolving primary and secondary flow patterns and turbulent flow 
structures.  
This study was performed in four main steps (Figure 4). The experiments were conducted 
in a flume in the Fluid Dynamics Laboratory of the University of Nevada, Las Vegas (UNLV). The 
experiments covered different channel configurations, Froude numbers, lateral flow proportions 
(with respect to the flow in the flume), and confluence angles. Considering the laboratory 
equipment limitations, the pump capacities, and maximum Froude numbers that could be 
achieved in the flume, simulations were performed on actual-size channels, using the FLOW-3D 
model. Based on experimental results, FLOW-3D was validated. Simulations were performed for 
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actual-size channels, different flow rates, initial water heights, Froude numbers, pipe sizes, pipe 
flows, and confluence angles. Finally, based on the results of the simulations, conservative design 








Two flume widths (16", 24"), Froude numbers 
(0.72-3.27), lateral pipe flow proportions with 
respect to the flow in the flume (2.5%, 5%, 
7.5%), and confluence angles (30˚, 45˚, 90˚)




Actual size channels (10', 25', 50'), initial 
water heights (4', 7', 10'), Froude numbers 
(0.8, 1.2, 2), lateral pipe sizes (1.5', 3', 5'), 
lateral flow proportions (2.5%, 5%, 10%), and 




Flow topology in the 
CHZ
Comparison between 
the experimental and 
numerical test results
Water heights along the flume and based on 
the numerical model which mimics the same 
conditions in the experimental model
Maximum water heights based on FLOW-3D 
simulation scenarios
Conservative design 
curves based on each 
Froude number
 





4.1. Limitations and Sources of Uncertainties 
The following summarizes the limitations and sources of uncertainties in the present study: 
- In the experiments, the maximum flow rate in the flume was approximately 2900 GPM. 
For this flow rate, desired water surface elevations could not be achieved in the flume. 
Therefore, the flume was narrowed to 16” (narrow channel) and 24” (wide channel). 
- Considering the availability of pumps, the maximum achievable lateral flow proportions 
through the pipe to the flume were 5% and 7.5% of the flow rate in the wide and narrow 
channels, respectively. 
- The flume was made of plexiglass sheets, which had different roughness coefficients 
compared with flood control concrete channels. 
- Considering the pump capacity and adjustable slope of the flume, the minimum and 
maximum Froude numbers that could be achieved in the experiments were 0.72 and 
3.27, respectively. 
- Clear water at 20 °C with no impurities was used both in the experiments and numerical 
modeling. Moreover, the presence of other environmental factors (e.g., wind) was not 
considered.  
- Human error in manually reading water surface elevations could be a source of error 
and uncertainty in this study. 
- Fluctuating water surface elevation due to the presence of waves in the flume, especially 
at the upstream was a source of error and uncertainty in this study. 
- In the numerical model, coarser grid sizes were used further away from the junction, 





Different inlet connections were constructed at different angles (30˚, 45˚, 90˚); they were 
installed on the flume wall, and flow through the inlet was provided through a separate variable-
speed pump fed by water from the flume sump. 
4.2.1. Test Matrix 
The experiments were conducted in two different flume configurations with different 
widths of 16” (narrow channel) and 24” (wide channel), with three inlet angles of 30°, 45°, and 
90°. The lateral flow to main channel flow ratios were 2.5% and 5% for the wide channel, and 
2.5%, 5%, and 7.5% for the narrow channel, and different Froude numbers, from 0.7 (sub-
critical) to 3.27 (super-critical) were used. Table 2 summarizes the experimental scenarios. 
 
Table 2. Experimental scenarios 
Variable Quantity 
Flume width (in.): 16, 24 
Froude number in the wide channel (-): 0.8, 1.0, 1.2, 1.6, 2.0 
Froude number in the narrow channel (-): 0.72, 0.95, 1.45, 1.74, 2.01, 2.32, 2.80, 3.27 
Inlet pipe angle (degrees): 30, 45, 90 
Lateral flow proportion (%): 2.5, 5.0, 7.5 
The total number of tests: 75 
 
 
4.2.2. Flume Tests 
The flume in the Fluid Dynamics Laboratory of the University of Nevada, Las Vegas is 48’ 
(14.63 m) long and 32” (0.81 m) wide, with a height of 24” (0.61 m). In order to obtain super-
critical flows in the flume, considering the availability of pumps at UNLV, this required the flume 
to be narrowed to get reasonable flow velocities, water depths, and desired Froude numbers. 
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Therefore, to provide desired flow conditions and evaluate the effect of channel width on the 
main channel flow disturbances, at first the flume was narrowed to 24” (0.61 m) (wide channel) 
and then to 16” (0.41 m) (narrow channel). 
A 2” diameter inlet pipe was installed through the flume wall 25’ (7.62 m) downstream of 
the flume entrance to provide lateral flow to the channel. Flow through the inlet was provided 
through a separate variable-speed pump fed by water from the flume sump (Figure 5). 
 
 
Figure 5. The 2” diameter inlet pipe installed on the flume wall 
 
Moreover, three inlet connections at 30°, 45°, and 90° were constructed to feed lateral flow 
to the channel at desired angles. Figures 6 and 7 show the wide and narrow channel 
configurations, respectively; Figures 8 and 9 show how lateral flows were fed to the main 
channel through the pipe. 




Figure 6. Wide channel configuration (top view) 
 
 




Figure 8. Lateral flow to the main channel (top view) 
 
Figure 9. Lateral flow to the main channel (back view) 
Main Channel Flow 
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4.2.3. Measurement Equipment 
The ultrasonic GREYLINE AVFM 5.0 (Figure 10) sensor mounts on the bottom of a channel 
with a stainless-steel mounting bracket and a single screw into the bottom of the channel. This 
device uses a submerged ultrasonic sensor to measure velocity and flow rate. The sensor is 
completely sealed, with no orifices or ports, and resists fouling, corrosion, or abrasion. The AVFM 
5.0 can measure forward-flow velocity up to 20 ft/s (6 m/s) and reverse-flow up to 5 ft/s (1.5 
m/s). The electronics and software sample and average flow rates continuously to provide stable 
readings. The submerged velocity/level sensor measures flow in partially-full and surcharged 
pipes and channels with pressure up to 10 psi. The best possible accuracy will result when the 
water is not highly turbulent and where velocity is evenly distributed across the channel. The 
channel should not have drops or direction changes immediately upstream of the sensor 
mounting location [53]. 
In this study, the sensor was mounted on the invert of the flume and downstream of the pipe 
(40’ (12.2 m) from upstream) to measure the flow rate and flow velocity in the flume. 
 
 
Figure 10. GREYLINE AVFM 5.0 area-velocity flow meter 
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The flume wall was composed of plexiglasses attached at certain lengths (3.4’ (1.03 m)) with 
special fittings, making 13 columns on the flume walls. In order to measure flow heights along 
the flow path, all columns were numbered and tape measures were installed on both sides of 
each column (Figure 11). 
 
 
Figure 11. Tape measures on both sides of the flume 
 
4.3. Numerical Modeling [54] 
As confluences and flow in open channel junctions are associated with strong spatial 
variation on the water’s surface, bed pressure field, and vertical velocities, a static hydrostatic 
pressure assumption might not be valid; further, the Navier-Stokes (N-S) equations are not 
suitable for simplification to shallow water equations. The unsteady and turbulent flow nature 
in open channel junctions or confluences, as well as time-dependent mixing and transport 
phenomena, make an accurate prediction by a traditional 1-D approach extremely difficult. 
Therefore, computational approaches are developing rapidly, and are adopted more frequently 
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to study the complex flow behavior in open channel junctions. Though the accuracy of 
experimental approaches or physical models is always limited to measuring techniques and their 
inherent scale effects, extensive experimental studies promote the development of numerical 
simulation techniques. Flow visualization refers to a laboratory experimental technique that is 
used to visualize and understand the structures of turbulent shear flows. Now, with a much 
better understanding of turbulent flow structures, it is possible to recognize many coherent and 
incoherent structures in flow-visualization pictures of various turbulent flows taken decades 
ago. Computer-based simulations are now the dominant tool for understanding and visualizing 
turbulent flow structures. However, controlled flow visualization experiments are still necessary 
to direct, develop, and validate the numerical simulations now dominant in the field. 
Considering possible scenarios and limitations in setting up different laboratory 
experiments, a numerical model (FLOW-3D) was used in this study to simulate flow topology 
under numerous scenarios of channel configurations, lateral inlet pipe sizes and angles, main 
channel flow, and lateral flow conditions.  
Software packages for fluid flow analysis come in many forms and differ greatly in their 
physical approximations and numerical solution techniques, which makes the selection of a 
suitable package a challenging proposition. FLOW-3D is a general-purpose computational fluid 
dynamics (CFD) software. It employs specially developed numerical techniques to solve motion 
equations for fluids to obtain transient, three-dimensional solutions to multi-scale, multi-physics 
flow problems. An array of physical and numerical options allows users to apply FLOW-3D to a 





4.3.1. Governing Equations 
The governing equations on fluid flow are mass continuity and momentum equations. The 
















= 𝑅𝐷𝐼𝐹 + 𝑅𝑆𝑂𝑅 (1) 
where: 
• 𝑉𝐹 is the fractional volume open to flow, 
• 𝜌 is the fluid density, 
• 𝑅𝐷𝐼𝐹 is a turbulent diffusion term, and 
• 𝑅𝑆𝑂𝑅 is a mass source. 
The velocity components (𝑢, 𝑣, 𝑤) are in the coordinate directions (𝑥, 𝑦, 𝑧) or 
(𝑟, 𝑅𝑆𝑂𝑅 , 𝑧). 𝐴𝑥 is the fractional area open to flow in the x-direction, while 𝐴𝑦 and 𝐴𝑧 are similar 
area fractions for flow in the 𝑦 and 𝑧 directions, respectively. The coefficient 𝑅 depends on the 
choice of the coordinate system. When Cartesian coordinates are used, 𝑅 is set to unity and 𝜉 is 


























• the coefficient 𝑣𝜌 is equal to 𝑆𝑐
𝜇
𝜌
, in which 𝜇 is the coefficient of momentum diffusion (i.e., 
the viscosity) and 
• 𝑆𝑐 is a constant whose reciprocal is usually referred to as the turbulent Schmidt number. 
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This type of mass diffusion only makes sense for turbulent mixing processes in fluids having 
a non-uniform density. The last term, 𝑅𝑆𝑂𝑅 , on the right side of Eq. (1) is a density source term 
that can be used, for example, to model mass injection through porous obstacle surfaces. 
Compressible flow problems require the solution of the full density transport equation, as stated 

















For problems in which the propagation of acoustic pressure waves is important but the fluid 










• 𝑐2 is the square of the sound speed and 
• 𝑝 is the pressure. 




| < 0.1 

























4.3.1.1. Momentum Equations 
The equations of motion for the fluid velocity components (𝑢, 𝑣, 𝑤) in the three coordinate 
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+ 𝐺𝑧 + 𝑓𝑧 − 𝑏𝑧 −
𝑅𝑆𝑂𝑅
𝜌𝑉𝐹
(𝑤 − 𝑤𝑤 − 𝛿𝑤𝑠) 
(5) 
In these equations: 
• (𝐺𝑥 , 𝐺𝑦 , 𝐺𝑧) are body accelerations, 
• (𝑓𝑥 , 𝑓𝑦, 𝑓𝑧) are viscous accelerations, 
• (𝑏𝑥 , 𝑏𝑦, 𝑏𝑧) are flow losses in porous media or across porous baffle plates, and the final 
terms account for the injection of mass at a source represented by a geometry 
component. 
The term U𝑤 = (𝑢𝑤 , 𝑣𝑤 , 𝑤𝑤) in Eq. (5) is the velocity of the source component, which will 
generally be non-zero for a mass source at a General Moving Objects Model. 
The term U𝑠 = (𝑢𝑠, 𝑣𝑠, 𝑤𝑠) is the velocity of the fluid at the surface of the source, relative to 






• 𝑑𝑄 is the mass flow rate, 
32 
 
• 𝜌𝑄 is the fluid source density, 
• 𝑑𝐴 is the area of the source surface in the cell, and 
• 𝑛 is the outward normal to the surface.  
When 𝛿 = 0.0 in Eq. (5) the source is of the stagnation pressure type. If 𝛿 = 1.0, the source is of 
the static pressure type. 
For a variable dynamic viscosity 𝜇, the viscous accelerations are: 
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In the above expressions, the terms 𝑤𝑠𝑥, 𝑤𝑠𝑦 and 𝑤𝑠𝑧 are wall shear stresses. If these terms 
are omitted, there is no wall shear stress because the remaining terms contain the fractional flow 
areas (𝐴𝑥 , 𝐴𝑦, 𝐴𝑧), which vanish at walls. The wall stresses are modeled by assuming a zero 
tangential velocity on the portion of any area closed to flow. Mesh and moving obstacle 
boundaries are an exception because they can be assigned non-zero tangential velocities. In this 
case, the allowed boundary motion corresponds to a rigid body translation of the boundary 
parallel to its surface. For turbulent flows, a law-of-the-wall velocity profile is assumed near the 
wall, which modifies the wall shear stress magnitude. 
4.3.1.2. Fluid Interfaces and Free-Surfaces 
Fluid configurations are defined in terms of a volume of fluid (VOF) function, 𝐹 (𝑥, 𝑦, 𝑧, 𝑡). 













































The diffusion coefficient is defined as 𝑣𝐹 = 𝑐𝐹
𝜇
𝜌
 , where 𝑐𝐹 is a constant whose reciprocal is 
sometimes referred to as a turbulent Schmidt number. This diffusion term only makes sense for 
the turbulent mixing of two fluids whose distributions are defined by the F function. 
The term 𝐹𝑆𝑂𝑅 corresponds to the density source 𝑅𝑆𝑂𝑅 in Eq. (1); 𝐹𝑆𝑂𝑅 is the time change rate 
of the fluid #1 volume fraction, associated with the mass source for fluid #1. 
The interpretation of 𝐹 depends on the type of problem being solved. Incompressible 
problems must involve either a single fluid with a free-surface or two fluids and no free-surfaces. 
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For a single fluid, F represents the volume fraction occupied by the fluid. Thus, fluid exists 
where F = 1, and void regions correspond to locations where F = 0. “Voids” are regions without 
fluid mass that have a uniform pressure assigned to them. Physically, they represent regions 
filled with vapor or gas whose density is insignificant, with respect to the fluid density. 
Two-fluid problems may be composed of either two incompressible fluids, or one 
incompressible and one compressible fluid. 𝐹 represents the volume fraction of the 
incompressible fluid component in either case, which is referred to as fluid #1. The 
complementary region with the volume fraction, 1 − 𝐹, represents fluid #2, and may have either 
a constant density, or its density may be computed from the compressible fluid equation-of-state. 
More details of the FLOW-3D theory are presented in the Appendix (A1).  
4.4. Model Setup 
4.4.1. Units 
The simulation units are defined when a new simulation is created, and cannot be changed 
after this point. The selected units are used to define the defaults for known parameters (e.g., the 
Stefan-Boltzmann constant). They are also used for: (1) unit conversions as materials are loaded 
from the Materials Database; and (2) unit conversions when Post-processing in FLOW-3D. 
FLOW-3D supports SI, CGS, Engineering, and Custom unit systems. Figure 12 shows the 





Figure 12. Simulation default settings 
 
4.4.2. Global 
Within the global widget, the user can define several high-level settings, including the 
pressure type, as well as start and finish conditions. The user must define the pressure type to 
be absolute or gauge to specify the format for all pressure inputs throughout the GUI. If gauge 
pressure is selected, the reference pressure is used to define default parameters, where absolute 
pressure values are required. The reference pressure is also used to define default pressure 
values in the initial conditions when using either of the pressure type options. The default 
reference pressure is equal to 1 atm, but this value can be changed. 
Finish conditions define when to stop the simulation under normal conditions. The finish 
time is required for all simulations, but additional finish conditions can be added to stop the 
simulation when the specified criteria are met. Figure 13 shows the global model setup 





Figure 13. Global settings for model setup in FLOW-3D 
 
4.4.3. Materials Database 
The fluids and solids databases are repositories of editable material properties for a variety 
of common fluids and solids relevant to FLOW-3D, which can be to help facilitate problem setup. 
As shown in Figure 14, both databases follow a tree structure, where materials can be 






Figure 14. Materials database in FLOW-3D 
 
4.4.4. Physics 
FLOW-3D includes a wide variety of models that can be used to include different physical 
mechanisms into the calculation (Figure 15). 
4.4.4.1. Interface Tracking, Number of Fluids, and Flow Mode 
The interface tracking option defines whether or not the fluids represented by the fluid 
fraction are miscible:  
• Free surface or sharp interface: the fluids are immiscible and form a sharp interface. 
• No sharp interface: the two fluids mix readily, and the interface between them is diffuse; 
for one-fluid problems, this implies that the domain is entirely filled with fluid 1. 
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The number of fluids option defines how regions with a fluid fraction of zero are treated: 
• One fluid: a fluid fraction of zero represents a region of uniform pressure, temperature, 
and density, called a void. It is assumed that the inertia of the void is negligible relative to 
the inertia of the fluid. The governing equations are only solved in cells with a fluid 
fraction of one; the void is used to apply a boundary condition on the fluid cells. 
• Two fluids: a fluid fraction of zero represents a second fluid (Fluid 2); in this case, the 
governing equations are solved for all fluid cells, regardless of the fluid fraction. 
The flow mode defines what version of the continuity equation is enforced: 
• Incompressible/limited compressibility: all fluid is incompressible or has some limited 
compressibility. 
• Compressible: fluid 2 (represented by a fluid fraction of zero) is a compressible gas with 
pressure, temperature, and density related by the ideal gas law. Fluid 1 (represented by 
a fluid fraction of one) is still treated as incompressible. This option is only available when 
the number of fluids is set to two fluids. 
4.4.4.2. Physical Models 
All of the available physical models are shown in the physics dock widget, and are inactive 
by default. After a model is activated, it is displayed in the active physics models section. Figures 










Table 3. Description of the physical models in FLOW-3D 
Model Description 
Air entrainment 
The air entrainment model is used to model the motion and effects of air 
entrained at turbulent free surfaces. 
Bubble and phase 
change 
The bubble and phase change models are used to control the pressure-
volume-temperature relationship for void regions, and to model liquid-
vapor phase change for one and two-fluid problems. 
Cavitation 
The cavitation model is used to identify locations where cavitation is 
expected to occur, and can also be used to approximate the opening of a 
cavitation bubble. 
Core gas 
The core gas model is used to simulate the effects of binder decomposition 
in sand cores on the casting. 
Combustible objects 
The combustible objects model is used to approximate the combustion of 
a solid material. 
Defect tracking 
The defect tracking model is used to track oxide formation on the free 
surface. 
Density evaluation 
The density evaluation model is used to control how density is calculated 
in a simulation. For example, the density could be computed as a function 
of salinity, or it could be evaluated from an equation of state. 
Dissolving objects 
The dissolving objects model is used to compute the mass transfer from a 
dissolving solid object. 
Drift-flux 
The drift flux model approximates the interaction of a dispersed phase 
(e.g., air bubbles) on a surrounding continuous phase (e.g., water). 
Elasto-visco-
plasticity 
The elasto-visco-plasticity model includes an elastic stress term into the 
fluid stress tensor, and can be used to model viscoelastic fluids. 
Electro-mechanics 
The electro-mechanics model is used to simulate electrostatic effects on 
the fluid and solid objects in the domain. 
Granular flow 
The granular flow model is used to simulate the bulk motion of high 




The gravity and non-inertial reference frame applies both constant body 
forces (e.g., gravity) and non-constant, non-uniform body forces resulting 
from an accelerating reference frame. 
Heat transfer 
The heat transfer model enables the simulation of conduction, convection, 
and radiation in the domain. 
Lost foam 
The lost foam model is used to simulate the decomposition of foam in the 
lost foam casting process. 
Moisture 
The moisture model is used to model the effect of moisture in porous 
media on heat transfer and the flow field. 
Moving and simple 
deforming objects 
The moving and simple deforming objects model, often referred to as the 
general moving objects (GMO) model, is used to allow objects to move 





The particle model is used to introduce Lagrangian particles into the 
solution and compute the effects of these particles on the flow. 
Reaction kinetics 
The reaction kinetics model is used to calculate the change in the 
concentration of scalar quantities, based on user-defined reaction rates. 
Scalars 
Scalars are used to represent various substances that are transported in 
the flow. For example, a scalar could represent contaminants (e.g., 
chlorine), salinity, dyes, etc. 
Sediment scour 
The sediment scour model approximates the effects of the flow on the 
erosion of surfaces and the transport of sediment. 
Shallow water 
The shallow water model is used to approximate the flow field when the 
fluid depth is much less than the fluid extents in the other dimensions. This 
is particularly useful for large-scale simulations. 
Sludge settling 
The sludge settling model is used to simulate sludge settlement in septic 
tanks, clarifiers, and other sewage treatment equipment. 
Solidification 
The solidification model simulates the effects of the solid-liquid phase 
change. 
Surface tension 
The surface tension model includes the surface tension effects on the 
interface between fluid 1 and fluid 2. 
Thermal die cycling 
The thermal die cycling model is used to approximate the effects of earlier 




The viscosity and turbulence model adds the computation of viscous 
stresses and turbulence quantities to the solution. 
Wind 





Figure 16. Activated physical models in this study 
 
  




The properties for fluids are defined within the fluids widget of the model setup tab. All fluid 
properties can be defined manually or loaded from the materials database. The specific 
properties that must be defined for each fluid will depend on which physical models are 
activated. Figure 18 shows the properties of the fluid used in this study. 
 
  
Figure 18. Properties of the fluid used in this study 
 
4.4.6. Geometry 
Geometry is constructed in FLOW-3D by assembling solid geometric objects to define the 
flow region for a simulation. The flow geometry is then embedded in the computational grid by 
the preprocessor using a technique called FAVORTM, an acronym for Fractional Area/Volume 
Obstacle Representation. This method computes open area fractions on the cell faces, along with 
the open volume fraction, and reconstructs the geometry based on these parameters. This 
approach offers a simple and accurate way to represent complex surfaces in the domain without 




4.4.6.1. Creating Geometry Objects 
All geometry objects are created within the geometry dock widget:  
• Creating subcomponents: subcomponents can be thought of as the building blocks of the 
geometry used to define their shapes. They represent the solid objects, holes, and 
complements that may be combined in different ways to define more complex shapes. 
Properties are typically not defined at the subcomponent level, only the object shape. 
Subcomponents may be defined using .stl files exported from CAD software, or by 
creating shapes using FLOW-3D primitives. 
• Creating components: components are used to organize subcomponents into groups to 
which properties are assigned. Components may group subcomponents that form a 
common entity, or group by subcomponents that have the same properties, so a 
component may not necessarily be a continuous entity. Properties (e.g., thermal 
conductivity, porosity, etc.) are assigned at a component level, and applied to all of its 
subcomponents. 
4.4.6.2. Creating Subcomponents 
New subcomponents are created using primitives, stereolithography (STL) geometry file(s), 
or raster file(s). The geometry of each subcomponent is interpreted in one of three ways, 
determined by the subcomponent type option: 
• Solid: adds material inside the geometry defined by the subcomponent to represent a 
solid object. 
• Hole: removes material from the overlap region between the current subcomponent and 
any previously-defined subcomponents. This is used to cut holes in solid geometries. The 
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order of the subcomponents for a given component is also important because a 
subcomponent defined as a hole removes material from the preceding subcomponents, 
but has no effect on the following subcomponents. 
• Complement: adds solid material outside of the geometry defined by the current 
subcomponent. This is often used for modeling piping systems, casting molds, etc. 
Figure 19 shows a 3D view of the channel and its components, modeled in FLOW-3D. 
Moreover, Figure 20 shows the properties of the geometry components. A roughness height 








Figure 20. Properties of the geometry components 
 
4.4.7. Meshing 
FLOW-3D uses a structured mesh that may be defined in either a cartesian or cylindrical 
coordinate system. It is possible to define multiple mesh blocks (multi-block gridding) to create 
more efficient meshes when modeling complex flow domains. The additional mesh blocks may 
be defined to be fully within another mesh block (nested block); they may adjoin at a boundary 
of another mesh block (linked block); or they may partially overlap. 
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In this study, finer grids were used near the confluence, and coarser grids were used further 
away from the junction, where the influence of the confluence diminishes (Figure 21). This kind 
of grid design has the potential to capture the near confluence flow behavior efficiently, while 
reducing computation cost. Table 4 presents the grid size for each mesh block. 
 
 
Figure 21. Meshing the channel, using four different grid sizes 
 
Table 4. Grid sizes in each mesh block in the channel 




4 (Pipe) 0.7 
 
 
4.4.8. FAVOR [54] 
FAVORTM is a very powerful method for incorporating geometry effects into the governing 
equations, but like all discrete methods, it is affected by the resolution of the computational grid. 
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This is because the preprocessor generates area fractions for each cell face in the grid by 
determining which corners of the face are inside of a defined geometry. If all four corners of a 
cell face are inside the geometry, then the entire face is defined to be within the geometry. 
Similarly, if all corners lie outside, then the entire face is assumed to be outside the geometry. 
When some face corners are inside a geometry and some are outside, the intersection of the 
geometry with face edges is computed. Area fractions are then computed from these intersection 
points, assuming straight-line connections between the intersection points within the face. The 
straight-line assumption introduces a small error in the fractional area when the geometry 
boundary is curved inside the cell. The approximation is consistent with the other assumptions 
in the equation development and improves as the grid resolution is refined. This construction 
implies that features that are smaller than the cell size are not resolved. More specifically, any 
piece of a geometry that extends across a cell face, but does not include a corner of that cell face, 
is not recognized by the area fraction generator. For instance, a small spherical object (say 
smaller than a mesh cell) will not be recorded unless it covers at least one grid vertex, as 
illustrated for the circle in the lower right corner of the mesh shown in Figure 22. For some 
geometries and mesh resolutions, it is possible that the geometry may intersect a cell face more 
than once. In this case, the corresponding cell edge is assumed to be either fully inside of or fully 
outside of the object. The representation is improved as the mesh resolution is increased (i.e., 
the cell size is decreased). 
Figure 23 shows a 3D view of the favored channel. According to the Figure, all components 
are properly captured in the mesh space. Moreover, Figure 24 shows how the pipe was modeled 
as a hole in a pipe complement attached to the inner wall of the flume, along with its favored 





Figure 22. Object definition (left) and object created (right) 
 






Figure 24. (a) and (c): Pipe defined as a hole that passes through the channel wall and the pipe 
complement; (b) and (d): favored view of the lateral inlet pipe 
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4.4.9. Mesh Boundary Conditions 
The equations governing the motion of fluid flow can be categorized as initial-boundary 
value problems, meaning that the solution must be known at the initial time and boundaries to 
be found. This paradox is managed by assuming the solution at the boundaries (setting the 
boundary conditions) and initial time (initial conditions), and using these assumed values to 
solve the governing PDE inside of the domain. This implies that the solution to the problem is 
fundamentally defined by what is assumed at the boundaries. Therefore, it is quite important 
that the solution assumed at the boundary is a good approximation at this location. 
4.4.9.1. Boundary Condition Types 
Ten different boundary conditions can be defined at mesh faces: 
• Continuative: set a zero-gradient condition at the boundary. 
• Grid overlay: apply the solution from the restart source simulation as a boundary 
condition in a restart simulation. 
• Outflow: use a Sommerfeld radiation condition to dynamically estimate the conditions at 
the boundary. 
• Periodic: periodic boundaries are applied in pairs, and any fluid that leaves through one 
boundary is reintroduced through the other boundary in the pair. 
• Specified pressure: specify the pressure at the boundary. If the fluid elevation is also 
specified, the pressure at the boundary will follow a hydrostatic distribution. 
• Specified velocity: specify the velocity at the boundary. 
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• Symmetry: applies a zero-gradient condition at the boundary, as well as a zero-velocity 
condition, normal to the boundary. 
• Volume flow rate: applies the specified flow rate at the boundary. 
• Wall: applies the no-slip condition at the boundary, as well as a zero-velocity condition, 
normal to the boundary 
• Wave: applies the velocity field associated with the requested wave type. 
Figure 25 shows the boundary conditions on each mesh block face for the entire channel 
volume. The boundary conditions on the inner and outer walls, as well as and the channel bottom 
were “wall.” The boundary condition at the top of each mesh block was “symmetry.” At the 
channel entrance, between the mesh blocks, and at the end of the channel, the boundary 
conditions were “volume flow rate,” “grid overlay,” and “outflow,” respectively. Moreover, Figure 
26 shows examples of the boundary condition properties in the channel. 
 
 





Figure 26. Properties of the boundary conditions in the channel 
 
4.4.10. Initial Conditions 
Initial conditions define the starting conditions in the simulation. As mentioned in Mesh 
Boundary Conditions, the initial state of the solution for transient fluid flow problems must be 
known in order to find a solution. Further, in a manner similar to what is done with boundary 
conditions, the initial conditions are assumed, approximating the true state at time t = 0. The 
accuracy of the initial conditions is somewhat less important than that of the boundary 
conditions because their effect is reduced as time progresses. Because of this effect, it is common 
to define the initial fluid geometry with reasonable accuracy, but to assume that the pressure 
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and velocity fields are uniform. This typically produces good results with a relatively short time, 
where the solution is affected by physical initial conditions.  
In this study, the initial conditions were: an empty channel at time zero; a certain water 
height and velocity upstream of the channel, depending on the desired Froude number; and a 
certain flow rate through the pipe, depending on the desired flow proportion, relative to the flow 
rate in the channel. 
4.4.11. Numerical Options 
4.4.11.1. Volume-of-Fluid Advection 
The volume-of-fluid advection options are used to control how the fluid fraction is moved 
through the mesh. Each method has benefits and drawbacks, but the default setting (automatic) 
works well for most problems. In this study, the automatic option was used. 
4.4.11.2. Momentum Advection 
These options control the order of accuracy of the momentum advection approximations. 
The three options are: 
• First order: the simplest and fastest method, which is best for general flows. This method 
is first order accurate in space and time. 
• Second order: this method is second order accurate in both space and time. As such, it is 
the preferred method for minimizing numerical dissipation in swirling flows. However, 
in some free surface flows this approximation may not be stable. 
• Second order monotonicity-preserving: this method is second order accurate in space 
and first order accurate in time. It is useful when studying swirling, free-surface flows. 
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In this study, the first order option was used. 
4.4.11.3. Time-Step Controls 
By default, FLOW-3D automatically adjusts the time step size to be as large as possible, 
without exceeding stability limits, affecting accuracy, or unduly increasing the effort required to 
enforce the continuity condition. 
4.4.11.4. Pressure Solver Options 
The pressure solver is used to enforce the continuity condition. The first option presented 
is the type of solver: 
• Explicit: explicit methods evaluate the new time values from the old time values. They are 
accurate and fast, but the time step size must be restricted to maintain solution stability. 
Additionally, this solution method only works for simulations where the domain is either 
entirely filled with a compressible fluid, or can be treated with the shallow water 
approximation. 
• Implicit: implicit solvers iterate to compute the new time values using the neighboring 
values at the new time. The iteration process is computationally expensive and requires 
specifying a convergence criterion to denote the threshold, when the solution satisfies 
the governing equations. However, implicit methods are unconditionally stable and, 
therefore, can be used with a larger time step size than an explicit method. Furthermore, 
this approach can be used with all types of flows (compressible, incompressible, and 
shallow water).  
o There are some additional options available when using an implicit solver: SOR, 
Line implicit, and GMRES matrix solvers: these are different types of implicit matrix 
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solvers; the GMRES method is strongly preferred, due to its rapid convergence 
and parallel efficiency. 
Regardless of the implicit solver type, the convergence threshold must be specified. The 
default method adjusts the convergence criterion as a function of the time step size to balance 
accuracy and efficiency throughout the simulation. Figure 27 shows the pressure solver options 
used in this study. 
 
 
Figure 27. Pressure solver options 
 
4.4.11.5. FSI/TSE Solver Options 
The FSI/TSE solver options are essentially a sub-set of the implicit solver options, and are 
used to control the solution of the Fluid-Structure Interaction (FSI) and Thermal Stress Evolution 
(TSE) Models. 
4.4.11.6. Viscous Stress Solver Options 
The viscous stress solver options are essentially a sub-set of the implicit solver options, and 
are used to control the solution of the viscous stresses in the fluid (elastic stresses in the fluid 
are handled with the elasto-visco-plasticity model). In this study, the explicit viscous stress 
solver type was used. 
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4.4.12. Running the Solver 
The solver computes the solution to the selected governing equations for the specified 
properties, geometry, initial conditions, and boundary conditions. It generates several output 
files: 
• flsgrf.*: this is the main output file. It contains all of the spatial, history, and diagnostic 
data. 
• flsplt.*: this is a diagnostic file that can be post-processed graphically. It contains 
information about how the solver was running during the simulation. 
• hd3msg.*, hd3out.*, and hd3err.*: these are text files that contain information about 
solver warnings, errors, and other diagnostic parameters. 
4.5. Simulation Matrix 
The simulations were performed on three different channel widths of 10’, 25’, 50’, and at 
three initial water heights in the channel of 4’, 7’, 10’. There were three junction angles at 30°, 
45°, 90°, and three inlet pipe diameters of 1.5’, 3’, 5’. The lateral flow to main channel flow ratios 
were 2.5%, 5.0%, 10% (based on the flow rates in the 10’ channel), and the three Froude 
numbers were 0.8, 1.2, 2.0. Table 5 summarizes the simulation scenarios. It should be noted that 
the lateral flow proportions in the 25’ and 50’ channels were based on the 10’ channel, since 
2.5%, 5.0%, and 10% of the flow rate in 25’ and 50’ channels would result in very high and 
uncommon velocities in the lateral inlet pipe. According to the Hydrologic Criteria and Drainage 
Design Manual (HCDDM) of the Clark County Regional Flood Control District (CCRFCD) [55], the 
maximum flow velocity in a lateral drainage pipe into a flood control channel should not exceed 
35 ft/s. That is why the lateral pipe flow proportions in all scenarios in this study were based on 
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the 10’ channel. However, pipe flow velocities up to 50 ft/s were allowed, considering that higher 
flow velocities may occur under critical conditions. 
 
Table 5. Simulation scenarios 
Variable Quantity 
Channel width (ft): 10, 25, 50 
Initial water height in the channel (ft): 4, 7, 10 
Froude number (-): 0.8, 1.2, 2.0 
Inlet pipe diameter (ft): 1.5, 3, 5 
Inlet pipe angle (degree): 30, 45, 90 
Lateral flow proportion (%): 2.5, 5, 10 
















Chapter 5: Results 
5.1. Flume Test Results 
5.1.1. Water Height Measurements 
Changes in flow proportions and junction angles resulted in measurable changes in the flow 
pattern. Figures 28 to 30 provide examples of water height measurements in the wide channel 
configuration, with and without lateral flow in a 90° junction, which were used to calculate the 
maximum water height ratios in the flume. Other flume test results are available in the Appendix 
(A2). 
According to Figure 28, since the flow rates used for all scenarios were almost similar, in 
cases where the flow velocity was higher, the water height was lower. For instance, the water 
height for the Fr = 0.8 scenario was the highest (~10”), while for the Fr = 3.1, it was the lowest 
(~4”). 
Higher fluctuations were observed at the upstream of the flume in higher Froude numbers. 
This was due to the angled plate that was installed at the entrance of the flume (see Figure 6) to 
narrow the channel, which caused the formation of waves. However, the impacts diminished 
further downstream of the flume. 
Figure 29 shows that as the lateral flow entered the channel, water heights in all scenarios 
were impacted either upstream or downstream of the pipe. The results showed that for Fr = 0.8, 
1.0, and 1.2, the maximum water height occurred upstream of the pipe, while for Fr = 1.6, 2.0, 
2.4, and 3.1, the maximum water height occurred downstream of the pipe. This was because the 
flow momentum was higher in higher Froude numbers, which pushed the jet of water through 
the pipe further downstream. High peaks in the flume’s entrance should be neglected as the 
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highest water heights, since their formation was due to the angled wall installed upstream of the 
flume, which created local waves. 
Furthermore, Figure 30 shows that as the lateral flow proportion increased compared with 
the 2.5%, water height peaks increased as well. In this case, the water height peak for Fr = 0.8, 
1.0, 1.2, and 1.6 occurred upstream of the pipe, while for Fr = 2.0, 2.4, and 3.1, it occurred 
downstream of the pipe. Compared with the 2.5% lateral flow, in this case, more water height 
peaks were observed upstream of the pipe. This is because the jet’s momentum was stronger 
compared with the 2.5% case, which made it more difficult for the flow in the flume to deflect it. 
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Figure 29. Water heights in the wide channel, with 2.5% lateral flow 
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Distance from upstream (ft.)
With Lateral Flow (5%)
Fr = 0.8 Fr = 1.0 Fr = 1.2 Fr = 1.6
Fr = 2.0 Fr = 2.4 Fr = 3.1
Pipe
3.4         6.9       10.3       13.7      17.2       20.6       24.0       27.4      30.9       34.3      37.7      41.2    44.6
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5.1.2. Water Height Ratios 
Experimental test results were used to calculate the maximum water height ratios in the 
channel, by dividing the maximum water height in the channel with lateral flow, by the water 
height in the channel without lateral flow. In Figures 31 to 36, the maximum water height ratios 
for both wide and narrow channels are presented. Moreover, Tables 6 to 11 present maximum 
water height ratios, along with the flow rate and velocity in the flume and in the pipe, for each 
scenario. In the wide channel, the flow rate in the flume was maintained at the maximum value 
that could be achieved in the lab, but different flow rates were used in the narrow channel. For 
both channel configurations, to achieve certain flow velocities, and consequently, certain Froude 
numbers in the flume, the flume angle was adjusted. 
5.1.2.1. 90° Junction 
 




















0.8 6.35 4.5 90 0.16 7.3 1.05 0.32 14.6 1.1 
1 6.35 5.1 90 0.16 7.3 1.16 0.32 14.6 1.26 
1.2 6.35 5.4 90 0.16 7.3 1.46 0.32 14.6 1.63 
1.6 6.35 6.1 90 0.16 7.3 1.29 0.32 14.6 1.57 






Figure 31. Maximum water height ratios in the 90° junction (wide channel) 
 




























0.72 4.67 3.8 90 0.12 5.4 1.14 0.23 10.7 1.17 0.35 16.1 1.20 
0.95 4.09 4.4 90 0.10 4.7 1.30 0.20 9.4 1.40 0.31 14.1 1.48 
1.45 4.83 6.2 90 0.12 5.5 1.12 0.24 11.1 1.58 0.36 16.6 1.73 
1.74 4.89 7.0 90 0.12 5.6 1.13 0.24 11.2 1.29 0.37 16.8 1.71 
2.01 4.94 7.7 90 0.12 5.7 1.16 0.25 11.3 1.32 0.37 17.0 1.26 
2.32 4.57 8.3 90 0.11 5.2 1.24 0.23 10.5 1.29 0.34 15.7 1.53 
2.8 4.67 9.4 90 0.12 5.4 1.20 0.23 10.7 1.60 0.35 16.1 1.87 
























Figure 32. Maximum water height ratios in the 90° junction (narrow channel) 
 
According to Figure 31, the maximum water height ratios in the 5% lateral flow were higher 
than in the 2.5%. Moreover, in the 2.5% case, the maximum ratio occurred for Fr = 1.2, and for 
higher Froude numbers, the water height peak decreased. This was because the water jet 
through the pipe could reach the outer wall of the flume, and the water height peak was created 
by the combined effects of splashing, along with the incoming flow from the flume upstream. As 
the Froude number increased, the jet was deflected and could not reach the outer wall of the 
flume to create flow splashing. For Froude numbers smaller than 1.2, the water height in the 
channel was higher, compared with other Froude numbers, and the water height around the pipe 
was less impacted by the lateral flow through the submerged pipe. This resulted in lower 
maximum water height ratios in the channel. 
Similarly, for the 5% lateral flow, in Fr = 1.2, the maximum water height ratio increased 





















This can be justified by the fact that as the water height for similar flow rates is lower for higher 
Froude numbers, and as the 5% lateral flow jet is strong enough to create a blockage in the water 
path, this blockage could cause a hydraulic jump that increases the water height in the 
confluence. 
In the narrow channel (Figure 32), similar to the wide channel (Figure 31), as the lateral 
flow proportion increased, maximum water height ratios increased in the flume, as well. In the 
2.5% lateral flow case, the maximum water height ratio occurred for Fr = 0.95, but for 5% and 
7.5% lateral flow proportions, the maximum occurred for Fr = 1.45. 
5.1.2.2. 45° Junction 
 




















0.8 6.35 4.5 45 0.16 7.3 1.03 0.32 14.6 1.06 
1 6.35 5.1 45 0.16 7.3 1.14 0.32 14.6 1.14 
1.2 6.35 5.4 45 0.16 7.3 1.16 0.32 14.6 1.2 
1.6 6.35 6.1 45 0.16 7.3 1.19 0.32 14.6 1.3 





Figure 33. Maximum water height ratios in the 45° junction (wide channel) 
 



























0.72 4.67 3.8 45 0.12 5.4 1.12 0.23 10.7 1.13 0.35 16.1 1.13 
0.95 4.09 4.4 45 0.10 4.7 1.16 0.20 9.4 1.16 0.31 14.1 1.15 
1.45 4.83 6.2 45 0.12 5.5 1.04 0.24 11.1 1.16 0.36 16.6 1.08 
1.74 4.89 7.0 45 0.12 5.6 1.19 0.24 11.2 1.13 0.37 16.8 1.17 
2.01 4.94 7.7 45 0.12 5.7 1.11 0.25 11.3 1.16 0.37 17.0 1.21 
2.32 4.57 8.3 45 0.11 5.2 1.12 0.23 10.5 1.12 0.34 15.7 1.24 
2.8 4.67 9.4 45 0.12 5.4 1.40 0.23 10.7 1.33 0.35 16.1 1.53 






















Figure 34. Maximum water height ratios in the 45° junction (narrow channel) 
 
In the 45° junction, the results show that similar to the 90° junction, higher lateral flows 
correspond to higher maximum water height ratios in the flume. According to Figure 33, in the 
wide channel, for the 2.5% lateral flow, the maximum water height ratio occurred for Fr = 2, 
while for the 5% lateral flow, the maximum occurred for Fr = 1.6. 
In the narrow channel, and for the 45° junction (Figure 34), when the water was sub-critical 
in the channel, the maximum water height ratios were almost the same for all scenarios. For 
super-critical flow conditions, the maximum values do not show a distinct pattern. However, the 
maximum water height ratios for 2.5%, 5%, and 7.5% lateral flow proportions occurred at Fr = 





















5.1.2.3. 30° Junction 
 




















0.8 6.35 4.5 30 0.16 7.3 1.03 0.32 14.6 1.03 
1 6.35 5.1 30 0.16 7.3 1.1 0.32 14.6 1.1 
1.2 6.35 5.4 30 0.16 7.3 1.12 0.32 14.6 1.12 
1.6 6.35 6.1 30 0.16 7.3 1.1 0.32 14.6 1.1 























































0.72 4.67 3.8 30 0.12 5.4 1.13 0.23 10.7 1.13 0.35 16.1 1.13 
0.95 4.09 4.4 30 0.10 4.7 1.13 0.20 9.4 1.18 0.31 14.1 1.18 
1.45 4.83 6.2 30 0.12 5.5 1.12 0.24 11.1 1.17 0.36 16.6 1.08 
1.74 4.89 7.0 30 0.12 5.6 1.19 0.24 11.2 1.19 0.37 16.8 1.24 
2.01 4.94 7.7 30 0.12 5.7 1.16 0.25 11.3 1.21 0.37 17.0 1.21 
2.32 4.57 8.3 30 0.11 5.2 1.29 0.23 10.5 1.29 0.34 15.7 1.29 
2.8 4.67 9.4 30 0.12 5.4 1.40 0.23 10.7 1.33 0.35 16.1 1.40 




Figure 36. Maximum water height ratios in the 30° junction (narrow channel) 
 
In the 30° junction, and in the wide channel (Figure 35), for both 2.5% and 5% lateral flow 


















(Figure 36), the maximum water height ratios for 2.5%, 5%, and 7.5% lateral flow proportions 
occurred at Fr = 1.74, 2.01, and 1.74, respectively. 
Based on the results for the 90°, 45°, and 30° junctions, both in the wide and narrow channel 
configurations, it can be concluded that as the lateral pipe angle and lateral flow proportion 
increase, the maximum water height ratios in the channel also increase. 
5.2. FLOW-3D Convergence and Validation 
Fluid flow problems are highly nonlinear. Only through imposing restrictive conditions can 
the governing Navier-Stokes equations be solved analytically. As a result, CFD solutions must be 
calculated iteratively. By their nature, iterative solution methods require a convergence criterion 
that is used to decide when the iterations can be terminated. In FLOW-3D, all relaxation and 
convergence criteria are selected by the program itself. Further, all selections are adjusted 
dynamically by the program to follow the development of the solution. One such case would be 
the use of a very large convergence criteria and no over-relaxation as a way to reach steady-state 
conditions with less CPU time. Figures 37 and 38 show that by the end of the simulation time (for 
one of the simulated scenarios, as an example), the solution converged and the time-step size 




Figure 37. The convergence of the numerical modeling solution 
 
 
Figure 38. Time-step information of the simulation 
 
Using CFD allows researchers to understand flow behavior and quantify important flow 
parameters, given that the CFD solver has been properly validated using observations. Once 




The results of three experiments with different Froude numbers (0.8, 2.0, 3.1) were used to 
validate the FLOW-3D model. These three cases were selected to cover both the sub-critical and 
super-critical conditions in the flume. The simulation and experimental results of water heights 
in different locations along the flume are presented in Figures 39 to 41. Using the Nash-Sutcliffe 
Efficiency function (NS) (Eq. 16), the goodness of fit between the observed and simulated values 
were evaluated and are presented in Table 12. In Eq. 16, “H” is a variable, such as the flow surface 
elevation; “m” and “s” stand for measured and simulated; the bar indicates the average; and “i” 
is the ith measured or simulated value. The NS function has a range of −∞ to 1. NS = 1 corresponds 
to a perfect match of simulated values to the observed data. The values between 0 and 1 indicate 
that the simulated and observed values are in close agreement, whereas values less than 0 show 
that the model has no predictive power [56]. Good agreement was found between predicted 
water surface levels and the experimental measurements across the stream, throughout the 
flume, as shown in Figures 39 to 41. 
The high NS values obtained indicated that the model was able to simulate flow profiles in 
an open channel with lateral flow, with high accuracy. The small differences between simulation 
and experimental results can be attributed to errors in reading water heights in the lab, due to 
flow turbulence and flume waves. 
NS = 1 − 
∑ |Hm − Hs|i
2
i








Figure 39. Water heights in the flume and based on FLOW-3D results, for Fr = 0.8 
 
 
Figure 40. Water heights in the flume and based on FLOW-3D results, for Fr = 2.0 
11.00
10.50























Distance from Upstream (ft.)
FLOW-3D Validation (Fr = 0.8)












































Distance from Upstream (ft.)
FLOW-3D Validation (Fr = 2.0)
Water height (In.) (simulation) Water height (In.) (experiment)
3.4        6.9        10.3       13.7      17.2      20.6       24.0      27.4      30.9       34.3      37.7      4 .       44.6
Pipe




Figure 41. Water heights in the flume and based on FLOW-3D results, for Fr = 3.1 
 
Table 12. FLOW-3D validation results 






5.3. Simulation Results 
The hydrodynamic interaction between confluent flows produces substantial turbulence 
within the CHZ. Turbulence causes the appearance of eddies in the flow that interact in a 
dynamically complex way. Complex turbulence structures such as vortices, flow stagnation, 
secondary flow, and flow recirculation, as well as water exchange in both vertical and lateral 
directions, result in complicated sedimentation, erosion, mixing, and contaminant transport at 













































Distance from Upstream (ft.)
FLOW-3D Validation (Fr = 3.1)
Water height (In.) (simulation) Water height (In.) (experiment)




The simulation results showed that the combining process in the confluence of an open 
channel and a lateral pipe leads to the formation of: (1) a zone of flow stagnation near the 
upstream junction corner; (2) a zone of flow deflection; (3) a zone of negative pressure; (4) a 
flow separation zone below the downstream junction corner; (5) water level drawdown 
immediately downstream of the junction; (6) maximum water height; and (7) a flow recovery 
zone, in the downstream of the channel (Figure 42). Furthermore, the junction angle and 
momentum ratios were found to be the main factors impacting the shape of these 3D features, 
and ultimately the flow topology in the CHZ. 
Similarly, in the literature and in studies on two merging channels, Best [18], Kenworthy 
and Rhoads [27], Bradbrook et al. [32], and Rhoads [57], identified that the junction angle serves 
as a dominant control on the shape of the 3D features formed in the confluence of two channels. 
 
 
Figure 42. Different zones in an open channel with lateral drainage pipe discharge 
 
5.3.1. Stagnation, Separation, and Negative Pressure Zones 
Due to the blockage that the lateral water jet creates for the flowing water in the main 
channel, a stagnation zone forms at the immediate upstream of the pipe. Therefore, five scenarios 
with different conditions were selected to investigate the stagnation zone in the channel. The 
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scenarios were: 50-10-1.5-90-10-2, 50-10-1.5-90-5-2, 50-10-3-90-10-2, 50-10-1.5-90-10-1.2, 
and 50-10-1.5-45-10-2. In these scenarios, the numbers respectively represent: the channel 
width (ft); water height upstream of the junction, unaffected by the lateral flow (ft); pipe 
diameter (ft); confluence angle (degrees); lateral to main channel flow ratio (based on a 10’ wide 
channel, in order to have reasonable flow velocities in the pipe); and Froude number of the flow 
in the channel. These scenarios were selected to investigate the impact of the lateral and main 
channel flow on the pressure in the stagnation zone, under different conditions, when the lateral 
flow proportion, pipe size, Froude number, and junction angle change. The results are presented 
in Figure 43. 
At first, in scenario 50-10-1.5-90-10-2, two probes were installed in the channel to monitor 
the pressure. The first was installed at the immediate upstream of the pipe, and the second 
exactly in front of it, in the middle of the channel. By comparing the pressures in the two points, 
a stagnation zone with higher pressure formed at the upstream of the pipe in the channel. In 
scenario 50-10-3-90-10-2, by increasing the pipe diameter from 1.5’ to 3’, pressure in the 
stagnation zone decreased. This could be due to the decreased momentum of the jet through the 
pipe, so that the flow in the channel could more easily bend it. Therefore, the jet created less 
blockage for the flow in the channel. Consequently, in scenarios 50-10-1.5-90-5-2, 50-10-1.5-90-
10-1.2, and 50-10-1.5-45-10-1.2, the pressure in the stagnation zone decreased, due to the 
decreased jet momentum perpendicular to the momentum of the channel flow, and less blockage 




Figure 43. Pressure in the stagnation zone in selected scenarios 
 
Regarding the separation zone, Figures 44 to 48 show that the combination of higher 
momentum and larger junction angles result in higher centrifugal acceleration, as well as a larger 
flow separation zone of low pressure, along with recirculating flow near the pipe. The figures 
presented are for the scenarios 50-10-1.5-90-10-2, 50-10-1.5-90-5-2, 50-10-3-90-10-2, 50-10-
1.5-90-10-1.2, and 50-10-1.5-45-10-2, respectively. The length and width of the separation zone 
in each scenario are presented in Table 13, and they show that among these scenarios, the largest 
separation zone occurred under the 50-10-1.5-90-10-2 scenario. This scenario was the most 
severe concerning the flow momentums in the channel, pipe, and junction angle. In scenario 50-
10-1.5-90-5-2, as the lateral proportion decreased from 10% to 5%, relative to the 50-10-1.5-
90-10-2 scenario, which corresponds to a lower momentum through the pipe, both the length 
and width of the separation zone decreased. In scenario 50-10-3-90-10-2, the pipe size increased 
from 1.5’ to 3’, relative to the 50-10-1.5-90-10-2 scenario, which corresponds to a lower 
















Pressure in the Stagnation Zone
Middle - 50-10-1.5-90-10-2 Stagnation - 50-10-1.5-90-10-2
Stagnation - 50-10-1.5-90-5-2 Stagnation - 50-10-3-90-10-2
Stagnation - 50-10-1.5-90-10-1.2 Stagnation - 50-10-1.5-45-10-2
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change, but the width was decreased. Moreover, in scenario 50-10-1.5-90-10-1.2, as both the 
momentum in the channel and pipe were less than the 50-10-1.5-90-10-2 scenario, the size of 
the separation zone was significantly decreased. Finally, in the 50-10-1.5-45-10-2 scenario, no 
separation zone was formed in the 45° junction. This is because when the confluence angle is 45° 
or 30°, the tributary flow tends to go parallel with the main stream, without much deflection. 
 
Table 13. The length and width of the separation zone in selected scenarios 
Scenario Length of the separation zone (m) Width of the separation zone (m) 
50-10-1.5-90-10-2 7.5 5.5 
50-10-1.5-90-5-2 6.0 2.3 
50-10-3-90-10-2 7.5 2.1 
50-10-1.5-90-10-1.2 2.5 1.0 








Figure 45. Separation zone in the 50-10-1.5-90-5-2 scenario 
 
 




Figure 47. Separation zone in the 50-10-1.5-90-10-1.2 scenario 
 
 
Figure 48. Velocity vectors in the confluence of the 50-10-1.5-45-10-2 scenario 
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Furthermore, in the separation zone, next to the pipe, a zone of negative pressure formed. 
In this zone, the pressure fluctuated between negative and positive values. Figure 49 shows that 
the most critical conditions occurred when the size of the separation zone was larger, as in the 
50-10-1.5-90-10-2 scenario. 
Regarding the maximum and minimum pressure values in these scenarios, after steady-state 
conditions in the channel, in the 50-10-1.5-90-10-2 scenario, the pressure in the negative 
pressure zone fluctuated between -1.58*104 and 1.06*104 Pa. In the 50-10-1.5-90-5-2 scenario, 
the pressure fluctuated between -6.78*103 Pa and 3.74*103 Pa. Further, in the 50-10-3-90-10-2 
and 50-10-1.5-90-10-1.2 scenarios, no fluctuations were observed in the negative pressure zone. 
 
 




























































































5.3.2. Surface Water Elevations and Conservative Design Curves 
The incoming tributary flow caused a rise of water surface elevation, and for sub-critical 
flow conditions, resulted in a back-water effect towards the upstream (Figure 50). Additionally, 
larger junction angles allowed the tributary flow to penetrate further into the confluence, which 
in some cases resulted in flow splashing on the outer wall of the channel (Figure 51). After the 
mixing between the tributary and main stream, the confluence cross-sectional flow field 
gradually recovered to that of a normal open channel, at the downstream of the confluence. 
 
 





Figure 51. Splashing on the outer wall of the channel (Scenario 25-10-1.5-90-10-2) 
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Among the 648 scenarios simulated, in 42 cases, the lateral flow created waves in the 
channel, and in other cases the impact was local. Waves were not observed in 50’ wide channels, 
since the channel flow momentum could overcome the pipe flow momentum, and the jet could 
not reach the outer wall. Among 42 cases that showed the formation of waves in 10’ and 25’ 
channels, 30 cases occurred in 10’ channels and 12 cases in 25’ channels. Moreover, in 27 of the 
42 cases, the flow was sub-critical, and in the other 15, it was super-critical. These findings 
indicate that narrower channel and pipe confluences, with lower Froude numbers, are more 
prone to the formation of waves in the channels. Figures 52 and 53 show examples of the cases 
where local impacts and waves were formed in the channels, respectively. 
 
 
Figure 52. Example of local impact (Scenario 50-10-3-90-10-2) 
 
 
Figure 53. Example of wave impact (Scenario 25-7-3-90-10-2) 
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The simulation results and conservative design curves for the three channel widths, and 
based on the Froude number of the flow in the channel are presented in Figures 54 to 59. Detailed 
FLOW-3D results are available in the Appendix (A3). In the following figures, W is the channel 
width; H0 is the initial water height in the channel without lateral flow; H is the maximum water 
height in the channel with lateral flow; Q is the flow rate in the channel; V is the flow velocity in 
the channel; q is the flow rate in the pipe; v is the flow velocity in the pipe; and, θ is the junction 
angle (see Figure 42). As the two flows merge in the confluence, the flow rates and velocities in 
the channel and pipe are the two factors that impact the channel’s maximum water height. 
Accordingly, momentum ratios of the channel and pipe (
QV + qv(cosθ)
qv(sinθ)
), can be related to the H/H0, 
as shown in Figures 54, 56, and 58.  
In all three of the charts (Figures 54, 56, and 58), the results show that the highest H/H0 
values were observed for W = 10’. As the channel width increased to 25’ and then to 50’, the 
points representing the channel’s maximum water height ratios (H/H0), accumulated at the 
lower parts of the chart. The results indicate that 
QV + qv(cosθ)
qv(sinθ)
 values of 500 and 1,000 can be 
considered as critical numbers. Among almost all scenarios, in cases where the value of  
QV + qv(cosθ)
qv(sinθ)









Figure 54. Simulation results for Fr = 2 in the channel 
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[QV + qv(cosθ)] / [qv(sinθ)] 




Figure 56. Simulation results for Fr = 1.2 in the channel 
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[QV + qv(cosθ)] / [qv(sinθ)] 




Figure 58. Simulation results for Fr = 0.8 in the channel 
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[QV + qv(cosθ)] / [qv(sinθ)] 
Maximum Water Height Ratio Curves (Fr = 0.8)
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Chapter 6: Conclusions and Recommendations 
Open channel confluence flow is a common daily occurrence in nature, which is of great 
concern to environmental engineering and water conservancy projects. The water exchange in 
the confluence of an open channel with a lateral drainage pipe produces unique hydraulic 
characteristics, ultimately affecting the water surface elevation in the channel. An accurate 
prediction of the water-surface shape (i.e., variations in local depth) is essential in the successful 
design of a high-velocity channel. 
This study utilized a hybrid experimental-numerical approach to investigate the flow 
topology in the confluence hydrodynamics zone (CHZ) of rectangular open channels with 
submerged lateral drainage pipe discharges. The scenarios covered a range of channel widths, 
flow rates, Froude numbers, junction angles, inlet pipe diameters, and lateral flows to main 
channel flow ratios. Clear water at 20 °C with no impurities was used both in the experiments 
and numerical modeling. Moreover, the presence of other environmental factors (e.g., wind, etc.) 
was not considered. 
Several zones were observed in the open channel confluences simulated: (1) a zone of flow 
stagnation near the upstream junction corner; (2) a zone of flow deflection; (3) a zone of negative 
pressure; (4) a flow separation zone below the downstream junction corner; (5) water level 
drawdown immediately downstream of the junction; (6) maximum water height; and (7) a flow 
recovery zone in the downstream of the channel. The simulation results showed that the junction 
angle and momentum ratios were the main factors impacting the shape of these zones and 
consequently the flow topology in the CHZ. 
The experimental results showed that as the junction angle and the lateral flow proportions 
increased, the maximum water height ratios in the channel also increased. Moreover, the 
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) increased, H/H0 in the channel decreased. Additionally, narrower 
channel and pipe confluences with lower Froude numbers were found to be more prone to the 
formation of waves in the channel. 
The results indicated that the momentum ratios of 500 and 1,000 could be considered as 








 was greater than 1,000, the maximum water height increase in the channel 
was 10%. Additionally, in cases where the 
QV + qv(cosθ)
qv(sinθ)
 values were greater than 500, the impacts 
on water height changes in the channel were local (at the pipe), while channel wave impacts 
were observed in low momentum ratios. Furthermore, for the channel’s sub-critical and super-
critical conditions, the waves propagated upstream and downstream of the channel, 
respectively.  
Based on the findings of this study, if junction angles are constructed larger than 30°, it is 




greater than 500, to limit the impacts of the lateral drainage pipe flow to the main channel flow 
around the pipe (local); it is also recommended to limit the maximum increase in the water 
height to 20%. 
6.1. Future Research Recommendations 
For future extension of this research, it is recommended to study: (1) the impact of flow 
through submerged lateral pipes into other channel and pipe confluence configurations (e.g., 
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trapezoidal and triangular channels), different pipe sizes, and junction angles; (2) Froude 
numbers and lateral flow proportions outside the range covered in this study; (3) water with 
debris and impurities, under different environmental conditions (e.g., in the presence of wind, 
etc.); (4) the penetration length of the jet through the pipe into the channel, and its impact on the 

















A1. FLOW-3D Model Theory [54] 
A1.1. Implicit vs. Explicit Numerical Methods 
Numerical solution schemes are often referred to as being explicit or implicit. When direct 
computation of the dependent variables can be made in terms of known quantities, the 
computation is said to be explicit. When the dependent variables are defined by coupled sets of 
equations, and either a matrix or iterative technique is needed to obtain the solution, the 
numerical method is said to be implicit. 
In computational fluid dynamics, the governing equations are nonlinear, and the number of 
unknown variables is typically very large. Under these conditions implicitly formulated 
equations are almost always solved using iterative techniques. 
Iterations are used to advance a solution through a sequence of steps from a starting state 
to a final, converged state. This is true whether the solution is either one step in a transient 
problem or a final steady-state result. In either case, the iteration steps resemble a time-like 
process. Of course, the iteration steps do not usually correspond to a realistic time-dependent 
behavior. In fact, it is this aspect of an implicit method that makes it attractive for steady-state 
computations because the number of iterations required for a solution is often much smaller 
than the number of time steps needed for an accurate transient that asymptotically approaches 
steady conditions. 
On the other hand, it is also this “distorted transient” feature that leads to the question, 
“what are the consequences of using an implicit versus an explicit solution method for a time-
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dependent problem?” The answer to this question has two parts. The first part has to do with 
numerical stability and the second part with numerical accuracy. 
A1.2. The Stability Issue 
The principal reason for using implicit solution methods, which are more complex to 
program and require more computational effort in each solution step, is to allow for large time-
step sizes. A simple qualitative model will help to illustrate how this works. Let Q be a quantity 
whose value Qn+1 we want to compute at time t = (n+1)dt, in terms of its value at time t = ndt, i.e., 
Qn+1 = Qn+dtS, where S is the rate of change in Q. 
In an explicit numerical method, S would be evaluated in terms of known quantities at the 
previous time step n. An implicit method, in contrast, would evaluate some or all of the terms in 
S in terms of unknown quantities at the new time step n+1. Since new quantities appear on both 
the left and right sides of the Q-equation, it is said to be an implicit definition of the new n+1 
values. Usually, a matrix or iterative solution must be used to compute the new quantities. 
Numerical stability has to do with the behavior of the solution as the time-step dt is 
increased. If the solution remains well behaved for arbitrarily large values of the time step, the 
method is said to be unconditionally stable. This situation never occurs with explicit methods, 
which are always conditionally stable. It is easy to see this by dividing the Q-equation by dt, and 
then letting dt approach infinity. In this limit there are no n+1 terms remaining in the equation, 
so no solution exists for Qn+1, indicating that there must be some limit on the size of the time step 
for there to be a solution. 
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In an implicit formulation, a solution for the unknowns at a new time step n+1 may be 
obtained for any size time step. Of course, the solution for very large times may not be realistic 
unless the implicit formulation has been carefully constructed. 
A typical iterative solution for Qn+1 is constructed by computing the k+1 iterate in terms of 
the kth iterate value, where the first iterate is taken to be equal to Qn. The equation for Qk+1 is 
often a Newton’s approximation (or similar approximation) having the form Qk+1 = Qk+A(Qn-
Qk+dtSk). In this expression, A is a relaxation factor and Sk is an approximation to S evaluated in 
terms of the kth iterate. If A is chosen properly, successive iterates will eventually converge to 
Qn+1. 
The relaxation coefficient A must have the form A = 1/(1+Cdt) in order to ensure the proper 
limits at small and large values of dt. That is, at very small time-step sizes, the explicit equation 
is recovered, while at very large time-step sizes, the equation has a limiting value independent 
of dt. The quantity C must be a positive coefficient characterizing all of the terms in the original 
equation (i.e., in S) that have been approximated implicitly. For example, if Q is a velocity 
component governed by a momentum equation with implicit viscous terms, then C would be 
proportional to the kinematic viscosity divided by the square of the grid size. 
A1.3. The Accuracy Issue 
When dt is sufficiently small, only one iteration is necessary for convergence, which leads to 
Qn+1 = Qn+dt/(1+Cdt)Sn. This shows that the implicit formulation adds a smaller change to Q in a 
one-time step than would occur in an explicit method because of the under-relaxation factor A = 
1/(1+Cdt) that multiplies the time step. 
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As a general rule, it can be shown that the condition Cdt ≤ 1 is very nearly equivalent to the 
stability condition for an explicit approximation. Another general rule is that the time-step sizes 
for explicit stability and accuracy are usually equivalent. Thus, when Cdt > 1, an explicit method 
would be unstable, but implicit methods simply under-relax more, to maintain the stability of the 
iterative solution. It is this increased damping, with the increase in time-step size, which 
produces inaccuracies in transient behavior. 
For an implicit method to have minimal under-relaxation (i.e., little damping), a time-step 
size much smaller than the stable, explicit value would have to be used. In fact, according to the 
above analysis, at the explicit stability limit Cdt = 1, the implicit approximation still has a 
significant under-relaxation factor of A = 1/2. To reduce this under-relaxation damping, the time-
step size would have to be much smaller than the explicit stability limit, but this makes little 
sense, since an implicit method is not required. 
A1.4. Methods of Turbulent Flow Calculations 
Given the importance of the avoidance or promotion of turbulence in engineering 
applications, the most important advances of the last half-century were the development of 
computational techniques, and the hardware that supports the simulations, to capture the 
important effects due to turbulence. The first of these was large-eddy simulation (LES), as 
proposed by Deardorff in 1970 [58]. This was rapidly followed by the first direct numerical 
simulation (DNS) by Orszag and Patterson in 1972 [59], and the introduction of a wide range of 
Reynolds-averaged Navier-Stokes (RANS) approaches, also beginning around 1972 (Launder 
and Spalding [60]). The three categories are described as: 
• Direct numerical simulation (DNS): these simulations compute the mean flow and all 
turbulence velocity fluctuations. The unsteady N-S equations are solved on spatial grids 
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that are sufficiently fine to resolve the Kolmogorov length scales, at which energy 
dissipation takes place, and with time steps sufficiently small to resolve the fastest 
fluctuation period. 
• Large eddy simulation (LES): this is an intermediate form of turbulence calculations that 
tracks the behavior of larger eddies. The method involves space filtering of the unsteady 
N-S equations prior to the computations, which passes larger eddies and rejects smaller 
eddies. The effects on the resolved flow (mean flow plus large eddies) due to the smallest, 
unresolved eddies are included by means of a sub-grid scale model. 
• Turbulence models for Reynolds-averaged Navier-Stokes (RANS) equations: attention is 
focused on the mean flow and the effects of turbulence on mean flow properties. Before 
the application of numerical methods, the N-S equations were time-averaged (or 
ensemble-averaged in flows with time-dependent boundary conditions). Extra terms 
appear in the time-averaged (or Reynolds Averaged) flow equations due to the 
interactions between various turbulent fluctuations. These extra terms are modeled with 
classical turbulence models. Among the best-known are the two equation models and the 
Reynolds stress model. 
An exact numerical approach would rely upon direct numerical simulation (DNS) use, where 
all turbulence motion scales are resolved, thus allowing for the acquisition of very detailed 
information on the flow field. Therefore, the computational cost of DNS is very high even at low 
Reynolds numbers. Even though DNS is a useful tool in fundamental turbulence research, it is 
not yet feasible for most engineering applications. In the field of civil engineering, the application 
of DNS is still restricted to the study of turbulent flow around isolated buildings or a limited 
number of obstacles. An intermediate approach is the LES methodology, which, by means of a 
space-filtering operation applied to the N-S equations, explicitly resolves the dynamics of large 
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unsteady turbulence scales, while the effect of small eddies on the flow pattern is taken into 
account with a sub-grid model, with many available styles. 
A1.5. Relaxation and Convergence Criteria 
The numerical methods used to solve equations for fluid flow and heat transfer most often 
employ one or more iteration procedures. By their nature, iterative solution methods require a 
convergence criterion that is used to decide when the iterations can be terminated. In many 
cases, iteration methods are supplemented with relaxation techniques. For example, over-
relaxation is often used to accelerate the convergence of pressure-velocity iteration methods, 
which are needed to satisfy an incompressible flow condition. Under-relaxation is sometimes 
used to achieve numerically stable results when all the flow equations are implicitly coupled 
together. 
A1.6. Choosing Relaxation Criteria 
The amount of over or under-relaxation used can be critical. Too much leads to numerical 
instabilities, while too little slows down convergence. Similarly, poorly chosen convergence 
criteria can lead to either poor results (when too loose) or excessive computational times (when 
too tight). 
Selecting proper relaxation and convergence criteria can be a difficult and frustrating 
experience for computational fluid dynamics software users. The criteria depend on the specifics 
of the problem being solved, which may change during the problem’s evolution. Unfortunately, 
there are no universal guidelines for selecting criteria because they depend not only on the 
physical processes being approximated, but also on the details of the numerical formulation. 
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Many CFD programs have a standard set of recommended criteria, but users must often resort 
to trial-and-error adjustments to get good results. 
A1.7. Dynamic Selection of Criteria 
FLOW-3D users are exempt from these difficulties because all relaxation and convergence 
criteria are selected by the program itself. Further, all selections are adjusted dynamically by the 
program to follow the solution’s development. Of course, users can always override the 
automatically selected criteria for special cases. One such case would be the use of a very large 
convergence criteria and no over-relaxation, as a way to reach steady-state conditions with less 
CPU time. 
A1.8. Numerical Approximations 
Research into numerical approximation schemes that minimize numerical viscosity effects 
is a continuing activity for a large part of the CFD community. The difficulty in developing such 
schemes is that some smoothing must always be incorporated into a numerical solution to keep 
it computationally stable and to smooth out dispersion errors. Dispersion errors are those that 
arise because the components of a solution having different grid resolution requirements may 
propagate through the grid with slightly different speeds. Whenever this occurs, unphysical 
oscillations develop in the solution, where these components reinforce or cancel one another. 
The challenge is to develop approximation schemes that remain accurate (i.e., have a 
minimum of numerical smoothing), and robust (i.e., have sufficient numerical smoothing to 




A1.9. What FLOW-3D Does 
In FLOW-3D, the default method is a first-order, upstream, advection technique that is 
extremely robust, but introduces some numerical viscosity. If it is determined that this numerical 
viscosity is excessive, because sharp velocity profiles must be computed without the luxury of 
high grid resolution, then a second-order accurate, monotonicity preserving option can be easily 
employed. For compressible flows, an implicitly coupled pressure-velocity solution option can 
be used in FLOW-3D to capture shock waves and minimize the appearance of post-shock 
oscillations. 
A1.10. The VOF Concept 
The VOF technique is based on the idea of recording the fractional portion of the cell volume 
that is occupied by the liquid in each grid cell. Typically, the fractional volume is represented by 
the quantity F. Because it is a fractional volume, F must have a value between 0.0 and 1.0. 
In interior regions of liquid, the value of F would be 1.0, while outside of the liquid, in regions 
of gas (air for example), the value of F is zero. The location of a free surface is where F changes 
from 0.0 to 1.0. Thus, any element having an F value lying between 0.0 and 1.0 must contain a 
surface. 
It is important to emphasize that the VOF technique does not directly define a free surface, 
but rather defines the bulk fluid’s location. It is for this reason that fluid regions can coalesce or 
break up without causing computational difficulties. Free surfaces are simply a consequence of 
where the fluid volume fraction passes from 1.0 to 0.0. This is a very desirable feature that makes 
the VOF technique applicable to nearly any kind of free surface problem. Another important 
feature of the VOF technique is that it records fluid location by assigning a single numerical value 
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(F) to each grid element. This is completely consistent with the recording of all other fluid 
properties in an element, such as pressure and velocity components, by their average values. 
A1.10.1. Some Details of the VOF Technique 
For accuracy purposes, it is desirable to have a way to locate a free surface within an 
element. This can be done by considering the F values in neighboring elements. For example, 
imagine a one-dimensional column of elements, in which a portion of the column is filled with 
liquid, Figure A1a. The liquid surface is in an element in the central region of the column, which 
will be referred to as the surface element. Because we assume the values of F must be either 0.0 
or 1.0, except in the surface element, we can use this to locate the exact position of the surface. 
First, a test is made to see if the surface is a top or bottom surface. If the element above the 
surface element is empty of liquid, the surface must be a top surface. If the element above is full 
of liquid then, of course, the surface is a bottom surface. For a top surface, we compute its exact 
location as lying above the bottom edge of the surface element by a distance equal to F times the 
element’s vertical size. A bottom surface is similarly located at a distance equal to F times the 
element’s vertical size below the top edge of the surface element. Locating the surface within an 
element in this way follows from the definition of F as a fractional volume of liquid in the element. 
Calculating surface locations in one-dimensional columns is simple and accurate, while 
requiring very little arithmetic. In two- and three-dimensional situations, however, computing a 
location is a little more complicated because a continuous range of surface orientations are 
possible within a surface cell. Nevertheless, dealing with this is not difficult. A two-dimensional 
example, Figure A1b, will illustrate a simple way to not only compute the location of the surface, 
but also to get a good idea of its slope and curvature. 
99 
 
As in the one-dimensional case, it is first necessary to find the surface’s approximate 
orientation by testing the neighboring elements. In Figure A1b, the outward normal would be 
closest to the upward direction because the difference in neighboring values in that direction is 
larger than in any other direction. Next, local surface heights are computed in element columns 
that lie in the approximate normal direction. For the two-dimensional case in Figure A1b, these 
heights are indicated by arrows. Finally, the height in the column containing the surface element 
gives the location of the surface in that element, while the other two heights can be used to 
compute the local surface slope and surface curvature. 
In three-dimensions, the same procedure is used although column heights must be 
evaluated for nine columns around the surface element. Although a little more computation is 
needed, it consists primarily of simple summations in the columns, and then sums and 










A1.11. Momentum Equation vs. Approximate Flow Models 
An accurate treatment of fluid momentum is important for several reasons. First, it is the 
only way to predict how the fluid will flow through complicated geometry. Second, the dynamic 
forces (i.e., pressures) exerted by the fluid can only be computed from momentum 
considerations. Finally, to compute the convective transport of thermal energy, it is necessary to 
have an accurate picture of how individual fluid particles move in relation to other fluid particles 
and confining boundaries. This implies an accurate treatment of momentum. Simplified flow 
models that only crudely approximate the conservation of momentum are not used in FLOW-3D 
because they cannot be used to predict realistic fluid configurations and temperature 
distributions. 
A2. Flume Test Results 
In this section, the results of all experimental tests conducted in the flume are presented in 





Figure A2. Water height ratios in a 30˚ junction for Fr = 0.8 in the wide channel 
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Figure A4. Water height ratios in a 90˚ junction for Fr = 0.8 in the wide channel 
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Figure A6. Water height ratios in a 45˚ junction for Fr = 1.0 in the wide channel 
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Figure A8. Water height ratios in a 30˚ junction for Fr = 1.2 in the wide channel 
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Figure A10. Water height ratios in a 90˚ junction for Fr = 1.2 in the wide channel 
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Figure A12. Water height ratios in a 45˚ junction for Fr = 1.6 in the wide channel 
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Figure A14. Water height ratios in a 30˚ junction for Fr = 2.0 in the wide channel 
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Figure A16. Water height ratios in a 90˚ junction for Fr = 2.0 in the wide channel 
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Figure A18. Water height ratios in a 45˚ junction for Fr = 2.4 in the wide channel 
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Figure A20. Water height ratios in a 30˚ junction for Fr = 3.1 in the wide channel 
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Figure A22. Water height ratios in a 90˚ junction for Fr = 3.1 in the wide channel 
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Figure A24. Water height ratios in a 45˚ junction for Fr = 0.72 in the narrow channel 
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Figure A26. Water height ratios in a 30˚ junction for Fr = 0.95 in the narrow channel 
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Figure A28. Water height ratios in a 90˚ junction for Fr = 0.95 in the narrow channel 
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Figure A30. Water height ratios in a 45˚ junction for Fr = 1.45 in the narrow channel 
 
 













Distance from Upstream (ft.)
45° Junction (Fr = 1.45) - Narrow Channel
2.50% 5% 7.50%
Pipe












Distance from Upstream (ft.)
90° Junction (Fr = 1.45) - Narrow Channel
2.50% 5% 7.50%
Pipe




Figure A32. Water height ratios in a 30˚ junction for Fr = 1.74 in the narrow channel 
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Figure A34. Water height ratios in a 90˚ junction for Fr = 1.74 in the narrow channel 
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Figure A36. Water height ratios in a 45˚ junction for Fr = 2.01 in the narrow channel 
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Figure A38. Water height ratios in a 30˚ junction for Fr = 2.32 in the narrow channel 
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Figure A40. Water height ratios in a 90˚ junction for Fr = 2.32 in the narrow channel 
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Figure A42. Water height ratios in a 45˚ junction for Fr = 2.80 in the narrow channel 
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Figure A44. Water height ratios in a 30˚ junction for Fr = 3.27 in the narrow channel 
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Figure A46. Water height ratios in a 90˚ junction for Fr = 3.27 in the narrow channel 
 
A3. FLOW-3D Simulation Results 
In Tables A1 to A9, detailed FLOW-3D simulation results are presented. The last column in 
each table shows whether the impact of the lateral flow on the main channel flow was local (L), 
or created waves (W) that propagated upstream (for sub-critical flow condition in the channel 
(Fr = 0.8)) or downstream (for super-critical flow conditions in the channel (Fr = 1.2, 2)). 
 

























10 10 2 3589 35.89 1.5 89.7 50.79 90 28.28 1.16 L 
10 10 2 3589 35.89 1.5 89.7 50.79 45 40.99 1.12 L 
10 10 2 3589 35.89 1.5 89.7 50.79 30 58.28 1.1 L 
10 10 2 3589 35.89 3.0 358.9 50.80 90 7.07 1.76 L 
10 10 2 3589 35.89 3.0 179.5 25.41 90 28.24 1.27 L 
10 10 2 3589 35.89 3.0 89.7 12.70 90 113.10 1.17 L 
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10 10 2 3589 35.89 3.0 179.5 25.41 45 40.94 1.2 L 
10 10 2 3589 35.89 3.0 89.7 12.70 45 160.95 1.16 L 
10 10 2 3589 35.89 3.0 358.9 50.80 30 15.86 1.17 L 
10 10 2 3589 35.89 3.0 179.5 25.41 30 58.22 1.16 L 
10 10 2 3589 35.89 3.0 89.7 12.70 30 227.94 1.15 L 
10 10 2 3589 35.89 5.0 358.9 18.29 90 19.63 1.68 L 
10 10 2 3589 35.89 5.0 179.5 9.15 90 78.46 1.29 L 
10 10 2 3589 35.89 5.0 89.7 4.57 90 314.18 1.15 L 
10 10 2 3589 35.89 5.0 358.9 18.29 45 28.75 1.35 L 
10 10 2 3589 35.89 5.0 179.5 9.15 45 111.95 1.24 L 
10 10 2 3589 35.89 5.0 89.7 4.57 45 445.31 1.15 L 
10 10 2 3589 35.89 5.0 358.9 18.29 30 40.98 1.32 L 
10 10 2 3589 35.89 5.0 179.5 9.15 30 158.64 1.23 L 
10 10 2 3589 35.89 5.0 89.7 4.57 30 630.08 1.15 L 
10 7 2 2102 30.03 1.5 52.55 29.75 90 40.37 1.17 L 
10 7 2 2102 30.03 1.5 52.55 29.75 45 58.10 1.17 L 
10 7 2 2102 30.03 1.5 52.55 29.75 30 82.48 1.17 L 
10 7 2 2102 30.03 3.0 210.2 29.75 90 10.09 1.89 W 
10 7 2 2102 30.03 3.0 105.1 14.88 90 40.37 1.32 L 
10 7 2 2102 30.03 3.0 52.55 7.44 90 161.49 1.19 L 
10 7 2 2102 30.03 3.0 210.2 29.75 45 15.27 1.26 L 
10 7 2 2102 30.03 3.0 105.1 14.88 45 58.10 1.18 L 
10 7 2 2102 30.03 3.0 52.55 7.44 45 229.39 1.18 L 
10 7 2 2102 30.03 3.0 210.2 29.75 30 21.92 1.18 L 
10 7 2 2102 30.03 3.0 105.1 14.88 30 82.48 1.18 L 
10 7 2 2102 30.03 3.0 52.55 7.44 30 324.72 1.18 L 
10 7 2 2102 30.03 5.0 210.2 10.71 90 28.04 1.84 W 
10 7 2 2102 30.03 5.0 105.1 5.36 90 112.15 1.33 L 
10 7 2 2102 30.03 5.0 52.55 2.68 90 448.59 1.2 L 
10 7 2 2102 30.03 5.0 210.2 10.71 45 40.65 1.49 L 
10 7 2 2102 30.03 5.0 105.1 5.36 45 159.60 1.28 L 



























10 7 2 2102 30.03 5.0 210.2 10.71 30 57.81 1.43 L 
10 7 2 2102 30.03 5.0 105.1 5.36 30 226.03 1.3 L 
10 7 2 2102 30.03 5.0 52.55 2.68 30 898.92 1.17 L 
10 4 2 908 22.7 1.5 45.4 25.70 90 17.66 1.38 W 
10 4 2 908 22.7 1.5 22.7 12.85 90 70.65 1.23 L 
10 4 2 908 22.7 1.5 45.4 25.70 45 25.98 1.26 L 
10 4 2 908 22.7 1.5 22.7 12.85 45 100.91 1.2 L 
10 4 2 908 22.7 1.5 45.4 25.70 30 37.06 1.2 L 
10 4 2 908 22.7 1.5 22.7 12.85 30 143.03 1.2 L 
10 4 2 908 22.7 3.0 90.8 12.85 90 17.66 1.93 W 
10 4 2 908 22.7 3.0 45.4 6.43 90 70.65 1.39 W 
10 4 2 908 22.7 3.0 22.7 3.21 90 282.60 1.17 L 
10 4 2 908 22.7 3.0 90.8 12.85 45 25.98 1.53 W 
10 4 2 908 22.7 3.0 45.4 6.43 45 100.91 1.36 L 
10 4 2 908 22.7 3.0 22.7 3.21 45 400.66 1.25 L 
10 4 2 908 22.7 3.0 90.8 12.85 30 37.06 1.5 L 
10 4 2 908 22.7 3.0 45.4 6.43 30 143.03 1.36 L 
10 4 2 908 22.7 3.0 22.7 3.21 30 566.93 1.25 L 
 
 

























25 10 2 8973 35.89 1.5 89.7 50.79 90 70.69 1.1 L 
25 10 2 8973 35.89 1.5 89.7 50.79 45 100.98 1.06 L 
25 10 2 8973 35.89 1.5 89.7 50.79 30 143.12 1.03 L 
25 10 2 8973 35.89 3.0 358.9 50.80 90 17.66 1.38 W 
25 10 2 8973 35.89 3.0 179.5 25.41 90 70.61 1.19 L 
25 10 2 8973 35.89 3.0 89.7 12.70 90 282.77 1.1 L 
25 10 2 8973 35.89 3.0 358.9 50.80 45 25.98 1.15 L 
25 10 2 8973 35.89 3.0 179.5 25.41 45 100.86 1.11 L 



























25 10 2 8973 35.89 3.0 358.9 50.80 30 37.06 1.08 L 
25 10 2 8973 35.89 3.0 179.5 25.41 30 142.96 1.07 L 
25 10 2 8973 35.89 3.0 89.7 12.70 30 567.28 1.06 L 
25 10 2 8973 35.89 5.0 358.9 18.29 90 49.07 1.32 W 
25 10 2 8973 35.89 5.0 179.5 9.15 90 196.15 1.18 L 
25 10 2 8973 35.89 5.0 89.7 4.57 90 785.48 1.1 L 
25 10 2 8973 35.89 5.0 358.9 18.29 45 70.39 1.2 L 
25 10 2 8973 35.89 5.0 179.5 9.15 45 278.40 1.15 L 
25 10 2 8973 35.89 5.0 89.7 4.57 45 1111.84 1.1 L 
25 10 2 8973 35.89 5.0 358.9 18.29 30 99.86 1.17 L 
25 10 2 8973 35.89 5.0 179.5 9.15 30 394.04 1.15 L 
25 10 2 8973 35.89 5.0 89.7 4.57 30 1572.69 1.1 L 
25 7 2 5255 30.03 1.5 52.55 29.75 90 100.93 1.07 L 
25 7 2 5255 30.03 1.5 52.55 29.75 45 143.74 1.01 L 
25 7 2 5255 30.03 1.5 52.55 29.75 30 203.60 1.01 L 
25 7 2 5255 30.03 3.0 210.2 29.75 90 25.23 1.36 W 
25 7 2 5255 30.03 3.0 105.1 14.88 90 100.93 1.14 L 
25 7 2 5255 30.03 3.0 52.55 7.44 90 403.73 1.07 L 
25 7 2 5255 30.03 3.0 210.2 29.75 45 36.69 1.11 L 
25 7 2 5255 30.03 3.0 105.1 14.88 45 143.74 1.09 L 
25 7 2 5255 30.03 3.0 52.55 7.44 45 571.97 1.07 L 
25 7 2 5255 30.03 3.0 210.2 29.75 30 52.20 1.11 L 
25 7 2 5255 30.03 3.0 105.1 14.88 30 203.60 1.08 L 
25 7 2 5255 30.03 3.0 52.55 7.44 30 809.20 1.06 L 
25 7 2 5255 30.03 5.0 210.2 10.71 90 70.09 1.43 W 
25 7 2 5255 30.03 5.0 105.1 5.36 90 280.37 1.14 L 
25 7 2 5255 30.03 5.0 52.55 2.68 90 1121.48 1.07 L 
25 7 2 5255 30.03 5.0 210.2 10.71 45 100.13 1.22 L 
25 7 2 5255 30.03 5.0 105.1 5.36 45 397.50 1.12 L 
25 7 2 5255 30.03 5.0 52.55 2.68 45 1587.01 1.06 L 
25 7 2 5255 30.03 5.0 210.2 10.71 30 141.92 1.2 L 



























25 7 2 5255 30.03 5.0 52.55 2.68 30 2244.70 1.06 L 
25 4 2 2270 22.7 1.5 45.4 25.70 90 44.16 1.17 L 
25 4 2 2270 22.7 1.5 22.7 12.85 90 176.63 1.07 L 
25 4 2 2270 22.7 1.5 45.4 25.70 45 63.45 1.08 L 
25 4 2 2270 22.7 1.5 22.7 12.85 45 250.79 1.02 L 
25 4 2 2270 22.7 1.5 45.4 25.70 30 90.04 1.01 L 
25 4 2 2270 22.7 1.5 22.7 12.85 30 354.98 1.01 L 
25 4 2 2270 22.7 3.0 90.8 12.85 90 44.16 1.39 W 
25 4 2 2270 22.7 3.0 45.4 6.43 90 176.63 1.17 L 
25 4 2 2270 22.7 3.0 22.7 3.21 90 706.50 1.08 L 
25 4 2 2270 22.7 3.0 90.8 12.85 45 63.45 1.27 L 
25 4 2 2270 22.7 3.0 45.4 6.43 45 250.79 1.15 L 
25 4 2 2270 22.7 3.0 22.7 3.21 45 1000.14 1.07 L 
25 4 2 2270 22.7 3.0 90.8 12.85 30 90.04 1.25 L 
25 4 2 2270 22.7 3.0 45.4 6.43 30 354.98 1.14 L 
25 4 2 2270 22.7 3.0 22.7 3.21 30 1414.73 1.06 L 
 
 

























50 10 2 17945 35.89 1.5 89.7 50.79 90 141.38 1.01 L 
50 10 2 17945 35.89 1.5 89.7 50.79 45 200.94 1.01 L 
50 10 2 17945 35.89 1.5 89.7 50.79 30 284.49 1.01 L 
50 10 2 17945 35.89 3.0 358.9 50.80 90 35.33 1.23 L 
50 10 2 17945 35.89 3.0 179.5 25.41 90 141.22 1.07 L 
50 10 2 17945 35.89 3.0 89.7 12.70 90 565.52 1.01 L 
50 10 2 17945 35.89 3.0 358.9 50.80 45 50.96 1.07 L 
50 10 2 17945 35.89 3.0 179.5 25.41 45 200.72 1.02 L 
50 10 2 17945 35.89 3.0 89.7 12.70 45 800.76 1.01 L 
50 10 2 17945 35.89 3.0 358.9 50.80 30 72.38 1.02 L 



























50 10 2 17945 35.89 3.0 89.7 12.70 30 1132.76 1.01 L 
50 10 2 17945 35.89 5.0 358.9 18.29 90 98.13 1.24 L 
50 10 2 17945 35.89 5.0 179.5 9.15 90 392.28 1.08 L 
50 10 2 17945 35.89 5.0 89.7 4.57 90 1570.88 1.03 L 
50 10 2 17945 35.89 5.0 358.9 18.29 45 139.77 1.14 L 
50 10 2 17945 35.89 5.0 179.5 9.15 45 555.77 1.08 L 
50 10 2 17945 35.89 5.0 89.7 4.57 45 2222.55 1.05 L 
50 10 2 17945 35.89 5.0 358.9 18.29 30 197.98 1.12 L 
50 10 2 17945 35.89 5.0 179.5 9.15 30 786.29 1.06 L 
50 10 2 17945 35.89 5.0 89.7 4.57 30 3143.48 1.01 L 
50 7 2 10510 30.03 1.5 52.55 29.75 90 201.87 1.05 L 
50 7 2 10510 30.03 1.5 52.55 29.75 45 286.48 1.01 L 
50 7 2 10510 30.03 1.5 52.55 29.75 30 405.47 1.01 L 
50 7 2 10510 30.03 3.0 210.2 29.75 90 50.47 1.25 L 
50 7 2 10510 30.03 3.0 105.1 14.88 90 201.87 1.11 L 
50 7 2 10510 30.03 3.0 52.55 7.44 90 807.47 1.09 L 
50 7 2 10510 30.03 3.0 210.2 29.75 45 72.37 1.09 L 
50 7 2 10510 30.03 3.0 105.1 14.88 45 286.48 1.06 L 
50 7 2 10510 30.03 3.0 52.55 7.44 45 1142.93 1.02 L 
50 7 2 10510 30.03 3.0 210.2 29.75 30 102.67 1.07 L 
50 7 2 10510 30.03 3.0 105.1 14.88 30 405.47 1.04 L 
50 7 2 10510 30.03 3.0 52.55 7.44 30 1616.67 1.01 L 
50 7 2 10510 30.03 5.0 210.2 10.71 90 140.19 1.3 L 
50 7 2 10510 30.03 5.0 105.1 5.36 90 560.74 1.11 L 
50 7 2 10510 30.03 5.0 52.55 2.68 90 2242.96 1.07 L 
50 7 2 10510 30.03 5.0 210.2 10.71 45 199.25 1.17 L 
50 7 2 10510 30.03 5.0 105.1 5.36 45 794.01 1.07 L 
50 7 2 10510 30.03 5.0 52.55 2.68 45 3173.03 1.02 L 
50 7 2 10510 30.03 5.0 210.2 10.71 30 282.10 1.17 L 
50 7 2 10510 30.03 5.0 105.1 5.36 30 1123.21 1.08 L 
50 7 2 10510 30.03 5.0 52.55 2.68 30 4487.66 1.02 L 



























50 4 2 4540 22.7 1.5 22.7 12.85 90 353.25 1.06 L 
50 4 2 4540 22.7 1.5 45.4 25.70 45 125.89 1.03 L 
50 4 2 4540 22.7 1.5 22.7 12.85 45 500.57 1.01 L 
50 4 2 4540 22.7 1.5 45.4 25.70 30 178.36 1.01 L 
50 4 2 4540 22.7 1.5 22.7 12.85 30 708.23 1.01 L 
50 4 2 4540 22.7 3.0 90.8 12.85 90 88.31 1.23 L 
50 4 2 4540 22.7 3.0 45.4 6.43 90 353.25 1.06 L 
50 4 2 4540 22.7 3.0 22.7 3.21 90 1413.00 1.03 L 
50 4 2 4540 22.7 3.0 90.8 12.85 45 125.89 1.15 L 
50 4 2 4540 22.7 3.0 45.4 6.43 45 500.57 1.04 L 
50 4 2 4540 22.7 3.0 22.7 3.21 45 1999.28 1.02 L 
50 4 2 4540 22.7 3.0 90.8 12.85 30 178.36 1.14 L 
50 4 2 4540 22.7 3.0 45.4 6.43 30 708.23 1.03 L 
50 4 2 4540 22.7 3.0 22.7 3.21 30 2827.73 1.01 L 
 
 

























10 10 1.2 2153 21.53 1.5 53.825 30.47 90 28.26 1.2 L 
10 10 1.2 2153 21.53 1.5 53.825 30.47 45 40.97 1.2 L 
10 10 1.2 2153 21.53 1.5 53.825 30.47 30 58.25 1.2 L 
10 10 1.2 2153 21.53 3.0 215.3 30.47 90 7.07 1.78 L 
10 10 1.2 2153 21.53 3.0 107.65 15.24 90 28.26 1.43 L 
10 10 1.2 2153 21.53 3.0 53.825 7.62 90 113.04 1.18 L 
10 10 1.2 2153 21.53 3.0 215.3 30.47 45 10.99 1.26 L 
10 10 1.2 2153 21.53 3.0 107.65 15.24 45 40.97 1.23 L 
10 10 1.2 2153 21.53 3.0 53.825 7.62 45 160.86 1.15 L 
10 10 1.2 2153 21.53 3.0 215.3 30.47 30 15.86 1.22 L 
10 10 1.2 2153 21.53 3.0 107.65 15.24 30 58.25 1.2 L 
10 10 1.2 2153 21.53 3.0 53.825 7.62 30 227.81 1.15 L 



























10 10 1.2 2153 21.53 5.0 107.65 5.49 90 78.50 1.43 L 
10 10 1.2 2153 21.53 5.0 53.825 2.74 90 314.00 1.19 L 
10 10 1.2 2153 21.53 5.0 215.3 10.97 45 28.75 1.57 L 
10 10 1.2 2153 21.53 5.0 107.65 5.49 45 112.02 1.33 L 
10 10 1.2 2153 21.53 5.0 53.825 2.74 45 445.06 1.17 L 
10 10 1.2 2153 21.53 5.0 215.3 10.97 30 40.98 1.54 L 
10 10 1.2 2153 21.53 5.0 107.65 5.49 30 158.73 1.32 L 
10 10 1.2 2153 21.53 5.0 53.825 2.74 30 629.73 1.17 L 
10 7 1.2 1261 18.02 1.5 63.05 35.70 90 10.10 1.28 L 
10 7 1.2 1261 18.02 1.5 31.525 17.85 90 40.38 1.2 L 
10 7 1.2 1261 18.02 1.5 63.05 35.70 45 15.28 1.2 L 
10 7 1.2 1261 18.02 1.5 31.525 17.85 45 58.11 1.2 L 
10 7 1.2 1261 18.02 1.5 63.05 35.70 30 21.92 1.2 L 
10 7 1.2 1261 18.02 1.5 31.525 17.85 30 82.50 1.2 L 
10 7 1.2 1261 18.02 3.0 126.1 17.85 90 10.10 1.85 L 
10 7 1.2 1261 18.02 3.0 63.05 8.92 90 40.38 1.36 L 
10 7 1.2 1261 18.02 3.0 31.525 4.46 90 161.54 1.15 L 
10 7 1.2 1261 18.02 3.0 126.1 17.85 45 15.28 1.33 L 
10 7 1.2 1261 18.02 3.0 63.05 8.92 45 58.11 1.23 L 
10 7 1.2 1261 18.02 3.0 31.525 4.46 45 229.45 1.12 L 
10 7 1.2 1261 18.02 3.0 126.1 17.85 30 21.92 1.27 L 
10 7 1.2 1261 18.02 3.0 63.05 8.92 30 82.50 1.22 L 
10 7 1.2 1261 18.02 3.0 31.525 4.46 30 324.81 1.11 L 
10 7 1.2 1261 18.02 5.0 126.1 6.43 90 28.04 1.87 L 
10 7 1.2 1261 18.02 5.0 63.05 3.21 90 112.18 1.35 L 
10 7 1.2 1261 18.02 5.0 31.525 1.61 90 448.71 1.15 L 
10 7 1.2 1261 18.02 5.0 126.1 6.43 45 40.66 1.66 L 
10 7 1.2 1261 18.02 5.0 63.05 3.21 45 159.64 1.31 L 
10 7 1.2 1261 18.02 5.0 31.525 1.61 45 635.58 1.13 L 
10 7 1.2 1261 18.02 5.0 126.1 6.43 30 57.82 1.63 L 
10 7 1.2 1261 18.02 5.0 63.05 3.21 30 226.09 1.31 L 



























10 4 1.2 545 13.62 1.5 54.5 30.86 90 4.41 1.65 L 
10 4 1.2 545 13.62 1.5 27.25 15.43 90 17.66 1.2 L 
10 4 1.2 545 13.62 1.5 13.625 7.71 90 70.62 1.08 L 
10 4 1.2 545 13.62 1.5 54.5 30.86 45 7.24 1.1 L 
10 4 1.2 545 13.62 1.5 27.25 15.43 45 25.97 1.07 L 
10 4 1.2 545 13.62 1.5 13.625 7.71 45 100.88 1.03 L 
10 4 1.2 545 13.62 1.5 54.5 30.86 30 10.56 1.03 L 
10 4 1.2 545 13.62 1.5 27.25 15.43 30 37.04 1.03 L 
10 4 1.2 545 13.62 1.5 13.625 7.71 30 142.98 1.03 L 
10 4 1.2 545 13.62 3.0 54.5 7.71 90 17.66 1.78 L 
10 4 1.2 545 13.62 3.0 27.25 3.86 90 70.62 1.28 L 
10 4 1.2 545 13.62 3.0 13.625 1.93 90 282.50 1.09 L 
10 4 1.2 545 13.62 3.0 54.5 7.71 45 25.97 1.52 L 
10 4 1.2 545 13.62 3.0 27.25 3.86 45 100.88 1.25 L 
10 4 1.2 545 13.62 3.0 13.625 1.93 45 400.51 1.08 L 
10 4 1.2 545 13.62 3.0 54.5 7.71 30 37.04 1.48 L 
10 4 1.2 545 13.62 3.0 27.25 3.86 30 142.98 1.25 L 
10 4 1.2 545 13.62 3.0 13.625 1.93 30 566.72 1.07 L 
 
 

























25 10 1.2 5383 21.53 1.5 53.825 30.47 90 70.66 1.01 L 
25 10 1.2 5383 21.53 1.5 53.825 30.47 45 100.92 1.01 L 
25 10 1.2 5383 21.53 1.5 53.825 30.47 30 143.05 1.01 L 
25 10 1.2 5383 21.53 3.0 215.3 30.47 90 17.66 1.27 W 
25 10 1.2 5383 21.53 3.0 107.65 15.24 90 70.66 1.07 L 
25 10 1.2 5383 21.53 3.0 53.825 7.62 90 282.63 1.01 L 
25 10 1.2 5383 21.53 3.0 215.3 30.47 45 25.98 1.06 L 



























25 10 1.2 5383 21.53 3.0 53.825 7.62 45 400.69 1.01 L 
25 10 1.2 5383 21.53 3.0 215.3 30.47 30 37.06 1.01 L 
25 10 1.2 5383 21.53 3.0 107.65 15.24 30 143.05 1.01 L 
25 10 1.2 5383 21.53 3.0 53.825 7.62 30 566.98 1.01 L 
25 10 1.2 5383 21.53 5.0 215.3 10.97 90 49.07 1.26 L 
25 10 1.2 5383 21.53 5.0 107.65 5.49 90 196.27 1.17 L 
25 10 1.2 5383 21.53 5.0 53.825 2.74 90 785.07 1.01 L 
25 10 1.2 5383 21.53 5.0 215.3 10.97 45 70.39 1.14 L 
25 10 1.2 5383 21.53 5.0 107.65 5.49 45 278.57 1.06 L 
25 10 1.2 5383 21.53 5.0 53.825 2.74 45 1111.26 1.01 L 
25 10 1.2 5383 21.53 5.0 215.3 10.97 30 99.87 1.13 L 
25 10 1.2 5383 21.53 5.0 107.65 5.49 30 394.27 1.05 L 
25 10 1.2 5383 21.53 5.0 53.825 2.74 30 1571.88 1.01 L 
25 7 1.2 3153 18.02 1.5 63.05 35.70 90 25.24 1.04 L 
25 7 1.2 3153 18.02 1.5 31.525 17.85 90 100.98 1.01 L 
25 7 1.2 3153 18.02 1.5 63.05 35.70 45 36.70 1.01 L 
25 7 1.2 3153 18.02 1.5 31.525 17.85 45 143.80 1.01 L 
25 7 1.2 3153 18.02 1.5 63.05 35.70 30 52.22 1.01 L 
25 7 1.2 3153 18.02 1.5 31.525 17.85 30 203.69 1.01 L 
25 7 1.2 3153 18.02 3.0 126.1 17.85 90 25.24 1.21 W 
25 7 1.2 3153 18.02 3.0 63.05 8.92 90 100.98 1.06 L 
25 7 1.2 3153 18.02 3.0 31.525 4.46 90 403.91 1.01 L 
25 7 1.2 3153 18.02 3.0 126.1 17.85 45 36.70 1.04 L 
25 7 1.2 3153 18.02 3.0 63.05 8.92 45 143.80 1.02 L 
25 7 1.2 3153 18.02 3.0 31.525 4.46 45 572.21 1.01 L 
25 7 1.2 3153 18.02 3.0 126.1 17.85 30 52.22 1.01 L 
25 7 1.2 3153 18.02 3.0 63.05 8.92 30 203.69 1.01 L 
25 7 1.2 3153 18.02 3.0 31.525 4.46 30 809.54 1.01 L 
25 7 1.2 3153 18.02 5.0 126.1 6.43 90 70.12 1.21 W 
25 7 1.2 3153 18.02 5.0 63.05 3.21 90 280.49 1.05 L 
25 7 1.2 3153 18.02 5.0 31.525 1.61 90 1121.96 1.01 L 



























25 7 1.2 3153 18.02 5.0 63.05 3.21 45 397.67 1.04 L 
25 7 1.2 3153 18.02 5.0 31.525 1.61 45 1587.69 1.01 L 
25 7 1.2 3153 18.02 5.0 126.1 6.43 30 141.98 1.13 L 
25 7 1.2 3153 18.02 5.0 63.05 3.21 30 562.71 1.04 L 
25 7 1.2 3153 18.02 5.0 31.525 1.61 30 2245.66 1.01 L 
25 4 1.2 1363 13.62 1.5 54.5 30.86 90 11.04 1.25 W 
25 4 1.2 1363 13.62 1.5 27.25 15.43 90 44.16 1.09 L 
25 4 1.2 1363 13.62 1.5 13.625 7.71 90 176.62 1.01 L 
25 4 1.2 1363 13.62 1.5 54.5 30.86 45 16.61 1.18 L 
25 4 1.2 1363 13.62 1.5 27.25 15.43 45 63.45 1.05 L 
25 4 1.2 1363 13.62 1.5 13.625 7.71 45 250.79 1.01 L 
25 4 1.2 1363 13.62 1.5 54.5 30.86 30 23.81 1.01 L 
25 4 1.2 1363 13.62 1.5 27.25 15.43 30 90.04 1.01 L 
25 4 1.2 1363 13.62 1.5 13.625 7.71 30 354.98 1.01 L 
25 4 1.2 1363 13.62 3.0 54.5 7.71 90 44.16 1.27 L 
25 4 1.2 1363 13.62 3.0 27.25 3.86 90 176.62 1.12 L 
25 4 1.2 1363 13.62 3.0 13.625 1.93 90 706.50 1.04 L 
25 4 1.2 1363 13.62 3.0 54.5 7.71 45 63.45 1.2 L 
25 4 1.2 1363 13.62 3.0 27.25 3.86 45 250.79 1.09 L 
25 4 1.2 1363 13.62 3.0 13.625 1.93 45 1000.14 1.02 L 
25 4 1.2 1363 13.62 3.0 54.5 7.71 30 90.04 1.17 L 
25 4 1.2 1363 13.62 3.0 27.25 3.86 30 354.98 1.08 L 
25 4 1.2 1363 13.62 3.0 13.625 1.93 30 1414.73 1.01 L 
 
 

























50 10 1.2 10765 21.53 1.5 53.825 30.47 90 141.30 1.01 L 
50 10 1.2 10765 21.53 1.5 53.825 30.47 45 200.83 1.01 L 



























50 10 1.2 10765 21.53 3.0 215.3 30.47 90 35.33 1.1 L 
50 10 1.2 10765 21.53 3.0 107.65 15.24 90 141.30 1.02 L 
50 10 1.2 10765 21.53 3.0 53.825 7.62 90 565.20 1.01 L 
50 10 1.2 10765 21.53 3.0 215.3 30.47 45 50.96 1.03 L 
50 10 1.2 10765 21.53 3.0 107.65 15.24 45 200.83 1.01 L 
50 10 1.2 10765 21.53 3.0 53.825 7.62 45 800.31 1.01 L 
50 10 1.2 10765 21.53 3.0 215.3 30.47 30 72.38 1.01 L 
50 10 1.2 10765 21.53 3.0 107.65 15.24 30 284.33 1.01 L 
50 10 1.2 10765 21.53 3.0 53.825 7.62 30 1132.13 1.01 L 
50 10 1.2 10765 21.53 5.0 215.3 10.97 90 98.13 1.1 L 
50 10 1.2 10765 21.53 5.0 107.65 5.49 90 392.50 1.02 L 
50 10 1.2 10765 21.53 5.0 53.825 2.74 90 1570.00 1.01 L 
50 10 1.2 10765 21.53 5.0 215.3 10.97 45 139.77 1.03 L 
50 10 1.2 10765 21.53 5.0 107.65 5.49 45 556.08 1.02 L 
50 10 1.2 10765 21.53 5.0 53.825 2.74 45 2221.32 1.01 L 
50 10 1.2 10765 21.53 5.0 215.3 10.97 30 197.98 1.05 L 
50 10 1.2 10765 21.53 5.0 107.65 5.49 30 786.73 1.02 L 
50 10 1.2 10765 21.53 5.0 53.825 2.74 30 3141.73 1.01 L 
50 7 1.2 6305 18.02 1.5 63.05 35.70 90 50.48 1.02 L 
50 7 1.2 6305 18.02 1.5 31.525 17.85 90 201.92 1.01 L 
50 7 1.2 6305 18.02 1.5 63.05 35.70 45 72.39 1.01 L 
50 7 1.2 6305 18.02 1.5 31.525 17.85 45 286.56 1.01 L 
50 7 1.2 6305 18.02 1.5 63.05 35.70 30 102.69 1.01 L 
50 7 1.2 6305 18.02 1.5 31.525 17.85 30 405.57 1.01 L 
50 7 1.2 6305 18.02 3.0 126.1 17.85 90 50.48 1.11 L 
50 7 1.2 6305 18.02 3.0 63.05 8.92 90 201.92 1.03 L 
50 7 1.2 6305 18.02 3.0 31.525 4.46 90 807.68 1.01 L 
50 7 1.2 6305 18.02 3.0 126.1 17.85 45 72.39 1.02 L 
50 7 1.2 6305 18.02 3.0 63.05 8.92 45 286.56 1.01 L 
50 7 1.2 6305 18.02 3.0 31.525 4.46 45 1143.24 1.01 L 
50 7 1.2 6305 18.02 3.0 126.1 17.85 30 102.69 1.01 L 



























50 7 1.2 6305 18.02 3.0 31.525 4.46 30 1617.10 1.01 L 
50 7 1.2 6305 18.02 5.0 126.1 6.43 90 140.22 1.12 L 
50 7 1.2 6305 18.02 5.0 63.05 3.21 90 560.89 1.04 L 
50 7 1.2 6305 18.02 5.0 31.525 1.61 90 2243.57 1.01 L 
50 7 1.2 6305 18.02 5.0 126.1 6.43 45 199.31 1.06 L 
50 7 1.2 6305 18.02 5.0 63.05 3.21 45 794.22 1.02 L 
50 7 1.2 6305 18.02 5.0 31.525 1.61 45 3173.89 1.01 L 
50 7 1.2 6305 18.02 5.0 126.1 6.43 30 282.18 1.06 L 
50 7 1.2 6305 18.02 5.0 63.05 3.21 30 1123.52 1.02 L 
50 7 1.2 6305 18.02 5.0 31.525 1.61 30 4488.87 1.01 L 
50 4 1.2 2725 13.62 1.5 54.5 30.86 90 22.07 1.19 L 
50 4 1.2 2725 13.62 1.5 27.25 15.43 90 88.28 1.04 L 
50 4 1.2 2725 13.62 1.5 13.625 7.71 90 353.12 1.01 L 
50 4 1.2 2725 13.62 1.5 54.5 30.86 45 32.21 1.01 L 
50 4 1.2 2725 13.62 1.5 27.25 15.43 45 125.85 1.01 L 
50 4 1.2 2725 13.62 1.5 13.625 7.71 45 500.39 1.01 L 
50 4 1.2 2725 13.62 1.5 54.5 30.86 30 45.87 1.01 L 
50 4 1.2 2725 13.62 1.5 27.25 15.43 30 178.29 1.01 L 
50 4 1.2 2725 13.62 1.5 13.625 7.71 30 707.97 1.01 L 
50 4 1.2 2725 13.62 3.0 54.5 7.71 90 88.28 1.14 L 
50 4 1.2 2725 13.62 3.0 27.25 3.86 90 353.12 1.05 L 
50 4 1.2 2725 13.62 3.0 13.625 1.93 90 1412.48 1.02 L 
50 4 1.2 2725 13.62 3.0 54.5 7.71 45 125.85 1.05 L 
50 4 1.2 2725 13.62 3.0 27.25 3.86 45 500.39 1.02 L 
50 4 1.2 2725 13.62 3.0 13.625 1.93 45 1998.55 1.01 L 
50 4 1.2 2725 13.62 3.0 54.5 7.71 30 178.29 1.02 L 
50 4 1.2 2725 13.62 3.0 27.25 3.86 30 707.97 1.01 L 





























10 10 0.8 1436 14.36 1.5 71.8 40.65 90 7.07 1.33 W 
10 10 0.8 1436 14.36 1.5 35.9 20.33 90 28.26 1.17 L 
10 10 0.8 1436 14.36 1.5 71.8 40.65 45 10.99 1.1 L 
10 10 0.8 1436 14.36 1.5 35.9 20.33 45 40.97 1.1 L 
10 10 0.8 1436 14.36 1.5 71.8 40.65 30 15.86 1.1 L 
10 10 0.8 1436 14.36 1.5 35.9 20.33 30 58.25 1.1 L 
10 10 0.8 1436 14.36 3.0 143.6 20.33 90 7.07 1.71 W 
10 10 0.8 1436 14.36 3.0 71.8 10.16 90 28.26 1.39 W 
10 10 0.8 1436 14.36 3.0 35.9 5.08 90 113.04 1.19 L 
10 10 0.8 1436 14.36 3.0 143.6 20.33 45 10.99 1.36 L 
10 10 0.8 1436 14.36 3.0 71.8 10.16 45 40.97 1.31 L 
10 10 0.8 1436 14.36 3.0 35.9 5.08 45 160.86 1.18 L 
10 10 0.8 1436 14.36 3.0 143.6 20.33 30 15.86 1.32 L 
10 10 0.8 1436 14.36 3.0 71.8 10.16 30 58.25 1.29 L 
10 10 0.8 1436 14.36 3.0 35.9 5.08 30 227.81 1.18 L 
10 10 0.8 1436 14.36 5.0 143.6 7.32 90 19.63 1.7 W 
10 10 0.8 1436 14.36 5.0 71.8 3.66 90 78.50 1.4 W 
10 10 0.8 1436 14.36 5.0 35.9 1.83 90 314.00 1.2 L 
10 10 0.8 1436 14.36 5.0 143.6 7.32 45 28.75 1.58 W 
10 10 0.8 1436 14.36 5.0 71.8 3.66 45 112.02 1.35 W 
10 10 0.8 1436 14.36 5.0 35.9 1.83 45 445.06 1.2 L 
10 10 0.8 1436 14.36 5.0 143.6 7.32 30 40.98 1.54 W 
10 10 0.8 1436 14.36 5.0 71.8 3.66 30 158.73 1.35 W 
10 10 0.8 1436 14.36 5.0 35.9 1.83 30 629.73 1.2 L 
10 7 0.8 841 12.01 1.5 84.1 47.62 90 2.52 1.72 W 
10 7 0.8 841 12.01 1.5 42.05 23.81 90 10.09 1.36 W 
10 7 0.8 841 12.01 1.5 21.025 11.90 90 40.36 1.14 L 
10 7 0.8 841 12.01 1.5 84.1 47.62 45 4.57 1.08 L 
10 7 0.8 841 12.01 1.5 42.05 23.81 45 15.27 1.08 L 
10 7 0.8 841 12.01 1.5 21.025 11.90 45 58.07 1.08 L 



























10 7 0.8 841 12.01 1.5 42.05 23.81 30 21.91 1.05 L 
10 7 0.8 841 12.01 1.5 21.025 11.90 30 82.45 1.05 L 
10 7 0.8 841 12.01 3.0 84.1 11.90 90 10.09 1.76 W 
10 7 0.8 841 12.01 3.0 42.05 5.95 90 40.36 1.41 W 
10 7 0.8 841 12.01 3.0 21.025 2.98 90 161.43 1.16 L 
10 7 0.8 841 12.01 3.0 84.1 11.90 45 15.27 1.47 W 
10 7 0.8 841 12.01 3.0 42.05 5.95 45 58.07 1.32 L 
10 7 0.8 841 12.01 3.0 21.025 2.98 45 229.29 1.16 L 
10 7 0.8 841 12.01 3.0 84.1 11.90 30 21.91 1.42 W 
10 7 0.8 841 12.01 3.0 42.05 5.95 30 82.45 1.31 L 
10 7 0.8 841 12.01 3.0 21.025 2.98 30 324.59 1.15 L 
10 7 0.8 841 12.01 5.0 84.1 4.29 90 28.03 1.73 W 
10 7 0.8 841 12.01 5.0 42.05 2.14 90 112.10 1.4 W 
10 7 0.8 841 12.01 5.0 21.025 1.07 90 448.41 1.17 L 
10 7 0.8 841 12.01 5.0 84.1 4.29 45 40.63 1.7 W 
10 7 0.8 841 12.01 5.0 42.05 2.14 45 159.54 1.35 W 
10 7 0.8 841 12.01 5.0 21.025 1.07 45 635.15 1.17 L 
10 7 0.8 841 12.01 5.0 84.1 4.29 30 57.78 1.64 W 
10 7 0.8 841 12.01 5.0 42.05 2.14 30 225.94 1.35 W 
10 7 0.8 841 12.01 5.0 21.025 1.07 30 898.55 1.17 L 
10 4 0.8 363 9.08 1.5 36.3 20.55 90 4.42 1.72 W 
10 4 0.8 363 9.08 1.5 18.15 10.28 90 17.67 1.34 L 
10 4 0.8 363 9.08 1.5 9.075 5.14 90 70.69 1.15 L 
10 4 0.8 363 9.08 1.5 36.3 20.55 45 7.25 1.18 L 
10 4 0.8 363 9.08 1.5 18.15 10.28 45 25.99 1.18 L 
10 4 0.8 363 9.08 1.5 9.075 5.14 45 100.97 1.09 L 
10 4 0.8 363 9.08 1.5 36.3 20.55 30 10.57 1.18 L 
10 4 0.8 363 9.08 1.5 18.15 10.28 30 37.08 1.18 L 
10 4 0.8 363 9.08 1.5 9.075 5.14 30 143.11 1.09 L 
10 4 0.8 363 9.08 3.0 36.3 5.14 90 17.67 1.65 W 
10 4 0.8 363 9.08 3.0 18.15 2.57 90 70.69 1.38 W 



























10 4 0.8 363 9.08 3.0 36.3 5.14 45 25.99 1.63 W 
10 4 0.8 363 9.08 3.0 18.15 2.57 45 100.97 1.34 W 
10 4 0.8 363 9.08 3.0 9.075 1.28 45 400.88 1.17 L 
10 4 0.8 363 9.08 3.0 36.3 5.14 30 37.08 1.55 W 
10 4 0.8 363 9.08 3.0 18.15 2.57 30 143.11 1.31 W 
10 4 0.8 363 9.08 3.0 9.075 1.28 30 567.24 1.17 L 
 
 

























25 10 0.8 3590 14.36 1.5 71.8 40.65 90 17.66 1.14 L 
25 10 0.8 3590 14.36 1.5 35.9 20.33 90 70.65 1.01 L 
25 10 0.8 3590 14.36 1.5 71.8 40.65 45 25.98 1.01 L 
25 10 0.8 3590 14.36 1.5 35.9 20.33 45 100.91 1.01 L 
25 10 0.8 3590 14.36 1.5 71.8 40.65 30 37.06 1.01 L 
25 10 0.8 3590 14.36 1.5 35.9 20.33 30 143.03 1.01 L 
25 10 0.8 3590 14.36 3.0 143.6 20.33 90 17.66 1.4 L 
25 10 0.8 3590 14.36 3.0 71.8 10.16 90 70.65 1.16 L 
25 10 0.8 3590 14.36 3.0 35.9 5.08 90 282.60 1.04 L 
25 10 0.8 3590 14.36 3.0 143.6 20.33 45 25.98 1.14 L 
25 10 0.8 3590 14.36 3.0 71.8 10.16 45 100.91 1.08 L 
25 10 0.8 3590 14.36 3.0 35.9 5.08 45 400.66 1.01 L 
25 10 0.8 3590 14.36 3.0 143.6 20.33 30 37.06 1.09 L 
25 10 0.8 3590 14.36 3.0 71.8 10.16 30 143.03 1.07 L 
25 10 0.8 3590 14.36 3.0 35.9 5.08 30 566.93 1.01 L 
25 10 0.8 3590 14.36 5.0 143.6 7.32 90 49.06 1.41 L 
25 10 0.8 3590 14.36 5.0 71.8 3.66 90 196.25 1.17 L 
25 10 0.8 3590 14.36 5.0 35.9 1.83 90 785.00 1.04 L 
25 10 0.8 3590 14.36 5.0 143.6 7.32 45 70.38 1.28 L 



























25 10 0.8 3590 14.36 5.0 35.9 1.83 45 1111.16 1.04 L 
25 10 0.8 3590 14.36 5.0 143.6 7.32 30 99.86 1.26 L 
25 10 0.8 3590 14.36 5.0 71.8 3.66 30 394.23 1.13 L 
25 10 0.8 3590 14.36 5.0 35.9 1.83 30 1571.73 1.04 L 
25 7 0.8 2103 12.01 1.5 84.1 47.62 90 6.31 1.25 L 
25 7 0.8 2103 12.01 1.5 42.05 23.81 90 25.23 1.11 L 
25 7 0.8 2103 12.01 1.5 21.025 11.90 90 100.92 1.01 L 
25 7 0.8 2103 12.01 1.5 84.1 47.62 45 9.92 1.01 L 
25 7 0.8 2103 12.01 1.5 42.05 23.81 45 36.68 1.01 L 
25 7 0.8 2103 12.01 1.5 21.025 11.90 45 143.72 1.01 L 
25 7 0.8 2103 12.01 1.5 84.1 47.62 30 14.35 1.01 L 
25 7 0.8 2103 12.01 1.5 42.05 23.81 30 52.19 1.01 L 
25 7 0.8 2103 12.01 1.5 21.025 11.90 30 203.57 1.01 L 
25 7 0.8 2103 12.01 3.0 84.1 11.90 90 25.23 1.38 L 
25 7 0.8 2103 12.01 3.0 42.05 5.95 90 100.92 1.13 L 
25 7 0.8 2103 12.01 3.0 21.025 2.98 90 403.67 1.03 L 
25 7 0.8 2103 12.01 3.0 84.1 11.90 45 36.68 1.18 L 
25 7 0.8 2103 12.01 3.0 42.05 5.95 45 143.72 1.09 L 
25 7 0.8 2103 12.01 3.0 21.025 2.98 45 571.87 1.01 L 
25 7 0.8 2103 12.01 3.0 84.1 11.90 30 52.19 1.17 L 
25 7 0.8 2103 12.01 3.0 42.05 5.95 30 203.57 1.08 L 
25 7 0.8 2103 12.01 3.0 21.025 2.98 30 809.06 1.01 L 
25 7 0.8 2103 12.01 5.0 84.1 4.29 90 70.08 1.38 L 
25 7 0.8 2103 12.01 5.0 42.05 2.14 90 280.32 1.14 L 
25 7 0.8 2103 12.01 5.0 21.025 1.07 90 1121.30 1.04 L 
25 7 0.8 2103 12.01 5.0 84.1 4.29 45 100.11 1.3 L 
25 7 0.8 2103 12.01 5.0 42.05 2.14 45 397.44 1.13 L 
25 7 0.8 2103 12.01 5.0 21.025 1.07 45 1586.75 1.03 L 
25 7 0.8 2103 12.01 5.0 84.1 4.29 30 141.89 1.29 L 
25 7 0.8 2103 12.01 5.0 42.05 2.14 30 562.38 1.13 L 
25 7 0.8 2103 12.01 5.0 21.025 1.07 30 2244.32 1.02 L 



























25 4 0.8 908 9.08 1.5 18.15 10.28 90 44.20 1.16 L 
25 4 0.8 908 9.08 1.5 9.075 5.14 90 176.82 1.04 L 
25 4 0.8 908 9.08 1.5 36.3 20.55 45 16.63 1.11 L 
25 4 0.8 908 9.08 1.5 18.15 10.28 45 63.52 1.06 L 
25 4 0.8 908 9.08 1.5 9.075 5.14 45 251.06 1.02 L 
25 4 0.8 908 9.08 1.5 36.3 20.55 30 23.83 1.04 L 
25 4 0.8 908 9.08 1.5 18.15 10.28 30 90.14 1.03 L 
25 4 0.8 908 9.08 1.5 9.075 5.14 30 355.37 1.01 L 
25 4 0.8 908 9.08 3.0 36.3 5.14 90 44.20 1.35 L 
25 4 0.8 908 9.08 3.0 18.15 2.57 90 176.82 1.15 L 
25 4 0.8 908 9.08 3.0 9.075 1.28 90 707.28 1.05 L 
25 4 0.8 908 9.08 3.0 36.3 5.14 45 63.52 1.28 L 
25 4 0.8 908 9.08 3.0 18.15 2.57 45 251.06 1.12 L 
25 4 0.8 908 9.08 3.0 9.075 1.28 45 1001.24 1.03 L 
25 4 0.8 908 9.08 3.0 36.3 5.14 30 90.14 1.27 L 
25 4 0.8 908 9.08 3.0 18.15 2.57 30 355.37 1.13 L 
25 4 0.8 908 9.08 3.0 9.075 1.28 30 1416.29 1.01 L 
 
 

























50 10 0.8 7180 14.36 1.5 71.8 40.65 90 35.33 1.03 L 
50 10 0.8 7180 14.36 1.5 35.9 20.33 90 141.30 1.01 L 
50 10 0.8 7180 14.36 1.5 71.8 40.65 45 50.96 1.01 L 
50 10 0.8 7180 14.36 1.5 35.9 20.33 45 200.83 1.01 L 
50 10 0.8 7180 14.36 1.5 71.8 40.65 30 72.38 1.01 L 
50 10 0.8 7180 14.36 1.5 35.9 20.33 30 284.33 1.01 L 
50 10 0.8 7180 14.36 3.0 143.6 20.33 90 35.33 1.18 L 
50 10 0.8 7180 14.36 3.0 71.8 10.16 90 141.30 1.05 L 



























50 10 0.8 7180 14.36 3.0 143.6 20.33 45 50.96 1.04 L 
50 10 0.8 7180 14.36 3.0 71.8 10.16 45 200.83 1.01 L 
50 10 0.8 7180 14.36 3.0 35.9 5.08 45 800.31 1.01 L 
50 10 0.8 7180 14.36 3.0 143.6 20.33 30 72.38 1.01 L 
50 10 0.8 7180 14.36 3.0 71.8 10.16 30 284.33 1.01 L 
50 10 0.8 7180 14.36 3.0 35.9 5.08 30 1132.13 1.01 L 
50 10 0.8 7180 14.36 5.0 143.6 7.32 90 98.13 1.17 L 
50 10 0.8 7180 14.36 5.0 71.8 3.66 90 392.50 1.04 L 
50 10 0.8 7180 14.36 5.0 35.9 1.83 90 1570.00 1.01 L 
50 10 0.8 7180 14.36 5.0 143.6 7.32 45 139.77 1.1 L 
50 10 0.8 7180 14.36 5.0 71.8 3.66 45 556.08 1.03 L 
50 10 0.8 7180 14.36 5.0 35.9 1.83 45 2221.32 1.01 L 
50 10 0.8 7180 14.36 5.0 143.6 7.32 30 197.98 1.09 L 
50 10 0.8 7180 14.36 5.0 71.8 3.66 30 786.73 1.01 L 
50 10 0.8 7180 14.36 5.0 35.9 1.83 30 3141.73 1.01 L 
50 7 0.8 4205 12.01 1.5 84.1 47.62 90 12.61 1.16 L 
50 7 0.8 4205 12.01 1.5 42.05 23.81 90 50.45 1.03 L 
50 7 0.8 4205 12.01 1.5 21.025 11.90 90 201.79 1.01 L 
50 7 0.8 4205 12.01 1.5 84.1 47.62 45 18.84 1.01 L 
50 7 0.8 4205 12.01 1.5 42.05 23.81 45 72.34 1.01 L 
50 7 0.8 4205 12.01 1.5 21.025 11.90 45 286.37 1.01 L 
50 7 0.8 4205 12.01 1.5 84.1 47.62 30 26.96 1.01 L 
50 7 0.8 4205 12.01 1.5 42.05 23.81 30 102.62 1.01 L 
50 7 0.8 4205 12.01 1.5 21.025 11.90 30 405.30 1.01 L 
50 7 0.8 4205 12.01 3.0 84.1 11.90 90 50.45 1.18 L 
50 7 0.8 4205 12.01 3.0 42.05 5.95 90 201.79 1.07 L 
50 7 0.8 4205 12.01 3.0 21.025 2.98 90 807.14 1.01 L 
50 7 0.8 4205 12.01 3.0 84.1 11.90 45 72.34 1.08 L 
50 7 0.8 4205 12.01 3.0 42.05 5.95 45 286.37 1.03 L 
50 7 0.8 4205 12.01 3.0 21.025 2.98 45 1142.47 1.01 L 
50 7 0.8 4205 12.01 3.0 84.1 11.90 30 102.62 1.08 L 



























50 7 0.8 4205 12.01 3.0 21.025 2.98 30 1616.01 1.01 L 
50 7 0.8 4205 12.01 5.0 84.1 4.29 90 140.13 1.17 L 
50 7 0.8 4205 12.01 5.0 42.05 2.14 90 560.51 1.06 L 
50 7 0.8 4205 12.01 5.0 21.025 1.07 90 2242.06 1.02 L 
50 7 0.8 4205 12.01 5.0 84.1 4.29 45 199.17 1.12 L 
50 7 0.8 4205 12.01 5.0 42.05 2.14 45 793.69 1.04 L 
50 7 0.8 4205 12.01 5.0 21.025 1.07 45 3171.75 1.01 L 
50 7 0.8 4205 12.01 5.0 84.1 4.29 30 281.99 1.12 L 
50 7 0.8 4205 12.01 5.0 42.05 2.14 30 1122.76 1.05 L 
50 7 0.8 4205 12.01 5.0 21.025 1.07 30 4485.85 1.01 L 
50 4 0.8 1815 9.08 1.5 36.3 20.55 90 22.09 1.2 L 
50 4 0.8 1815 9.08 1.5 18.15 10.28 90 88.36 1.09 L 
50 4 0.8 1815 9.08 1.5 9.075 5.14 90 353.44 1.02 L 
50 4 0.8 1815 9.08 1.5 36.3 20.55 45 32.24 1.07 L 
50 4 0.8 1815 9.08 1.5 18.15 10.28 45 125.96 1.04 L 
50 4 0.8 1815 9.08 1.5 9.075 5.14 45 500.85 1.01 L 
50 4 0.8 1815 9.08 1.5 36.3 20.55 30 45.91 1.02 L 
50 4 0.8 1815 9.08 1.5 18.15 10.28 30 178.45 1.01 L 
50 4 0.8 1815 9.08 1.5 9.075 5.14 30 708.62 1.01 L 
50 4 0.8 1815 9.08 3.0 36.3 5.14 90 88.36 1.24 L 
50 4 0.8 1815 9.08 3.0 18.15 2.57 90 353.44 1.08 L 
50 4 0.8 1815 9.08 3.0 9.075 1.28 90 1413.78 1.02 L 
50 4 0.8 1815 9.08 3.0 36.3 5.14 45 125.96 1.19 L 
50 4 0.8 1815 9.08 3.0 18.15 2.57 45 500.85 1.07 L 
50 4 0.8 1815 9.08 3.0 9.075 1.28 45 2000.38 1.01 L 
50 4 0.8 1815 9.08 3.0 36.3 5.14 30 178.45 1.16 L 
50 4 0.8 1815 9.08 3.0 18.15 2.57 30 708.62 1.01 L 
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EDUCATION 
Doctor of Philosophy in Civil Engineering (Water Resources Engineering and 
Hydraulics) – Washington State University (WSU), and University of Nevada, Las 
Vegas (UNLV) – USA  
Dissertation title: A Hybrid Experimental-Numerical Study on the Flow Topology in the 
Confluence Hydrodynamics Zone of an Open Channel with Lateral Drainage Pipe 
Discharge 
2020 
Master of Science in Civil Engineering (Environmental Engineering) – Isfahan 
University of Technology (IUT) – Iran 
Thesis title: Investigating the Effects of Climate Change on Watershed Pollutant Load 
and Reservoir Water Quality (Case Study: Mahabad Dam) 
2016 
Bachelor of Science in Civil Engineering – Shahed University – Iran 
Senior research project title: Studying the Destructive Impacts of Surface Runoff on 
Bridges and Road Surfaces 
2013 
TEACHING EXPERIENCE 
Introduction to Engineering Design – UNLV 
Number of students: 45; The course was a three-week summer program for high-
achieving middle school, high school, and freshman students at UNLV, who were 
interested in STEM disciplines. The course introduced the students to the theory and 
techniques of engineering design and creative problem-solving, as well as design 
issues and practices in engineering. 
Summer 
2018 & 2019 
Fluid Mechanics – WSU – CE 315 
Number of students: 14; Evaluation response rate: 57%;  
Student Rapport: 4.9/5.0, Class Performance: 5.0/5.0, Subject Knowledge: 5.0/5.0, 
Tests and Homework: 5.0/5.0. Overall Course and Instructor: 5.0/5.0. 
Summer 
2017 
Environmental Engineering – WSU – CE 341 
Number of students: 19; Evaluation response rate: 74%;  
Student Rapport: 5.0/5.0, Class Performance: 4.9/5.0, Subject Knowledge: 4.9/5.0, 
Tests and Homework: 5.0/5.0. Overall Course and Instructor: 5.0/5.0. 
Summer 
2017 
FE Exam Review (Mathematics) – WSU 
Number of students: 60; It was a one-day crash course, and I reviewed the 
mathematics section of the FE exam for the students in three hours. 
Fall 2017 
Advanced Engineering Mathematics – IUT 
Taught international students as a private tutor, since they could not follow the 






RESEARCH INTERESTS AND PROPOSAL WRITING EXPERIENCE 
Research interests 
Water Resources Engineering; Computational Hydrology; Water Quality Modeling; Environmental 
Impact Assessment; Climate Change Impact Assessment; Experimental & Computational Hydraulics; 
Flood Mitigation and Control; System Dynamics. 
Research grant proposals 
Understanding Martian gullies: soil-water interaction simulations (2019) 
Submitted to the Keck Foundation. Funding requested: $999,000; This proposal was written in 
collaboration with Dr. Moses Karakouzian and Dr. Sajjad Ahmad. This research investigates the 
formation of Martian gullies, by numerically modeling the soil-water interactions in Mars’ 
gravitational conditions. 
A numerical study on Martian gullies (2019) 
Submitted to the Nevada Space Grant Consortium – NASA. Funding requested: $50,000; This proposal 
was written in collaboration with Dr. Moses Karakouzian. This research investigates the impact of 
water flow and CO2 sublimation on the formation of Martian gullies, using numerical modeling. 
Design of lateral confluences of flood control channels (2018) 
Submitted to and funded by the CCRFCD. Funding received: $157,000; This proposal was written in 
collaboration with Dr. Moses Karakouzian and Dr. Donald Hayes. By performing several laboratory 
experiments in the Fluid Dynamics Laboratory at UNLV, and utilizing a numerical model (FLOW-3D), 
this study investigated the impacts of submerged lateral drainage pipe discharges into rectangular 
open channels, on flow topology in the confluence hydrodynamics zone (CHZ). 
SELECT RESEARCH AND PROFESSIONAL ENGINEERING EXPERIENCE 
Watershed Modeling Engineer – The City of Fayetteville, NC 
Responsible for conducting hydraulic and hydrologic modeling, and watershed 
management system modeling; leading the development of design plans, 
specifications and estimates for water resource projects; collecting, assimilating, and 
presenting data in reports, memos and public forums. 
2020-Present 
Design of lateral confluences of flood control channels – UNLV 
Responsible for conducting experimental and numerical analyses on the impacts of 
submerged lateral flow to open channels, on flow topology, across a range of channel 
widths, flow rates, Froude numbers, confluence angles, inlet pipe diameters, and 
lateral flow to main channel flow ratios. 
2017-2020 
Water quality modeling of the Mahabad Basin and Mahabad Dam reservoir – IUT 
Responsible for modeling and analyzing the impacts of climate change on nutrient 
loads of the watershed, and the impacts on the water quality status of the dam 
reservoir. In this research, different general circulation models (GCM), under different 
RCP scenarios were used, and software packages such as SDSM, SWAT, SWAT-CUP, 
and CE-QUAL-W2 were implemented. 
2014-2016 
Water quality modeling of the Seymareh Dam – Water & Power Resources 
Development Company 
Responsible for modeling the Seymareh Dam reservoir in CE-QUAL-W2, and 





Field investigator – Rah Pol Gostar Consulting Engineers Company 
Responsible for identifying damages in bridge structures in Mazandaran Province in 
Iran, caused by surface runoff, rich in salt and other anti-freeze agents. 
2016 
(3 months) 
Construction supervisor – Hexa Consulting Engineers Company 
Responsible for collaborating with a group of international engineers, during the 
construction of the Sadr elevated expressway in Tehran. 
2013 
(9 months) 
Water resources specialist – Pasar Consulting Engineers Company 
Responsible for performing hydrological and watershed-scale analyses in ArcGIS and 
AutoCAD, for designing bridges and culverts in different regions in Iran. 
2012 
(6 months) 
MAJOR ACHIEVEMENTS  
• Best UNLV graduate student of 2019; Selected by the UNLV Graduate Affairs Committee, and 
awarded $12,000; 
• Best graduate student of the Civil Engineering Department in 2019; Selected by the department 
chair; 
• Nominated for and winner of several merit-based scholarships at UNLV (e.g. Graduate College 
Finishing Fellowship; Barrick Graduate Fellowship; Donald Carns Scholarship; The Community 
Impact Graduate Scholarship); 
• Passed International Teaching Assistant (ITA) exam at Washington State University and 
approved for faculty-level instruction; Score: 93/100; 
• 1st rank among the students of Environmental Engineering at IUT (M.Sc.); Highest GPA among 
nine graduate students in Environmental Engineering, class of 2016. IUT is one of the top three 
universities in Iran; 
• Top 1% nationwide in Iranian University Entrance Exam (Konkoor) (B.Sc.). I was ranked 2284 
out of approximately 250,000 participants. This was achieved after four years of high school in 
Mofid 1, one of the top three in Iran. 
SCHOLARLY WORK AND PUBLICATIONS 
Peer-reviewed journal articles 
Water resources, hydrology, climate change 
1- Nazari-Sharabian, M.; Aghababaei, M.; Karakouzian, M.; Karami, M. Water on Mars - A Literature 
Review. Galaxies, 2020, 8, 40. DOI: 10.3390/galaxies8020040 
2- Nazari-Sharabian, M.; Karakouzian, M. Relationship Between Sunspot Numbers and Mean 
Annual Precipitation: Application of Cross-Wavelet Transform - A Case Study. J-Multidisciplinary 
Scientific Journal, 2020. DOI: 10.3390/j3010007 
3- Nazari-Sharabian, M.; Karakouzian, M.; Pashmchi, P. Water Vapor Conductance of Dry Soil – 
Analyzing Transport Processes by Analogy with Ohm’s Law. Ecology, Environment and 
Conservation, 2020. DOI: Registering. 
4- Nazari-Sharabian, M.; Taheriyoun, M.; Ahmad, S.; Karakouzian, M.; Ahmadi, A. Water Quality 
Modeling of Mahabad Dam Watershed–Reservoir System under Climate Change Conditions, 
using SWAT and System Dynamics. Water, 2019, 11, 394. DOI: 10.3390/w11020394 
5- Nazari-Sharabian, M.; Taheriyoun, M.; Karakouzian, M. Surface Runoff and Pollutant Load 
Response to Urbanization, Climate Variability, and Low Impact Developments – A Case Study. 
Water Supply, 2019, 19, 8. DOI: 10.2166/ws.2019.123 
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6- Nazari-Sharabian, M.; Taheriyoun, M.; Karakouzian, M. A Sensitivity Analysis of DEM Resolution 
and Effective Parameters on Runoff Yield in the SWAT Model – A Case Study. Journal of Water 
Supply: Research and Technology-AQUA, 2019. DOI: 10.2166/aqua.2019.044 
7- Nazari-Sharabian, M.; Ahmad, S.; Karakouzian, M. Climate Change and Eutrophication: A Short 
Review. Eng. Tech. Appl. Sci. Res., 2018, 8(6), 3668-3672. DOI: 10.5281/zenodo.2532694 
8- Babaei, H.; Nazari-Sharabian, M.; Karakouzian, M.; Ahmad, S. Identification of Critical Source 
Areas (CSAs) and Evaluation of Best Management Practices (BMPs) in Controlling Eutrophication 
in the Dez River Basin. Environments, 2019, 6, 20. DOI: 10.3390/environments6020020 
Hydraulics 
9- Nazari-Sharabian, M.; Nazari-Sharabian, A.; Karakouzian, M.; Karami, M. Sacrificial Piles as 
Scour Countermeasures in River Bridges - A Numerical Study using FLOW-3D. Civil Engineering 
Journal, 2020, 6(6). DOI: Registering. 
10- Karami, M.; Kabiri-Samani, A.; Nazari-Sharabian, M.; Karakouzian, M. Investigating the Effects 
of Transient Flow in Concrete-Lined Pressure Tunnels, and Developing a New Analytical Formula 
for Pressure Wave Velocity. Tunnelling and Underground Space Technology, 2019, 91, 102992. 
DOI: 10.1016/j.tust.2019.102992 
11- Karakouzian, M.; Nazari-Sharabian, M.; Karami, M. Effect of Overburden Height on Hydraulic 
Fracturing of Concrete-Lined Pressure Tunnels Excavated in Intact Rock: A Numerical 
Study. Fluids, 2019, 4, 112. DOI: 10.3390/fluids4020112 
12- Karakouzian, M.; Karami, M.; Nazari-Sharabian, M.; Ahmad, S. Flow-Induced Stresses and 
Displacements in Jointed Concrete Pipes Installed by Pipe Jacking Method. Fluids, 2019, 4, 34. 
DOI: 10.3390/fluids4010034 
13- Karakouzian, M.; Chavez, A.; Hayes, D.; Nazari-Sharabian, M. Bulbous Pier: An Alternative to 
Bridge Pier Extensions as a Countermeasure against Bridge Deck Splashing. Fluids, 2019, 4, 140. 
DOI: 10.3390/fluids4030140 
Water and wastewater treatment 
14- Taheriyoun, M.; Memaripour, A.; Nazari-Sharabian, M. Using Recycled Chemical Sludge as a 
Coagulant Aid in Chemical Wastewater Treatment in Mobarakeh Steel Complex. Journal of 
Material Cycles and Waste Management, 2020. DOI: 10.1007/s10163-019-00966-7 
15- Kaji, A.; Taheriyoun, M.; Taebi, A.; Nazari-Sharabian, M. Comparison and Optimization of the 
Performance of Natural Based Non-Conventional Coagulants in a Water Treatment Plant. Journal 
of Water Supply: Research and Technology-AQUA, 2019. DOI: 10.2166/aqua.2019.075 
Under review 
16- Nazari-Sharabian, M.; Karakouzian, M. A Hybrid Experimental-Numerical Study on the Flow 
Topology in the Confluence Hydrodynamics Zone of an Open Channel with Lateral Drainage Pipe 
Discharge. Water, 2020. 
17- Taheriyoun, M.; Fallahi, A.; Nazari-Sharabian, M. Optimal Selection of the Best Management 
Practices (BMPs) Combination to Improve the Surface Runoff Water Quality in an Urban 
Watershed. Journal of Water Resources Planning and Management, 2020. 
Conference proceedings  
1- Nazari-Sharabian, M.; Taheriyoun, M.; Ahmadi, A. Investigating the effects of climate change on 
phosphorus load of the watershed and the trophic state of Mahabad Dam reservoir. Development 
and Application of Soil and Water Assessment Tool (SWAT) in Water Resources Management, 
Isfahan, Iran, 2018. 
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2- Nazari-Sharabian, M.; Taheriyoun, M.; Ahmadi, A. Predicting the effects of climate change on 
watershed nutrient load (Case study: Mahabad Dam). 9th National congress on civil engineering, 
Mashhad, Iran, 2016. 
3- Nazari-Sharabian, M.; Taheriyoun, M.; Ahmadi, A. Investigating the effects of climate change on 
temperature and precipitation in Mahabad Dam watershed, using the CanESM2 model. National 
conference on architecture, civil and new developments, Orumiyeh, Iran, 2015. 
4- Nazari-Sharabian, M.; Taheriyoun, M.; Ahmadi, A. Investigating the effects of climate change on 
temperature and precipitation in Mahabad Dam watershed, using the HadCM3 model. National 
conference on architecture, civil and new developments, Orumiyeh, Iran, 2015. 
5- Nazari-Sharabian, M. Investigating the effects of climate change on hydrological parameters, in 
Mahabad Dam watershed. National conference on architecture, civil and new developments, 
Orumiyeh, Iran, 2015. 
6- Nazari-Sharabian, M. Wastewater treatment using constructed soil filters. 1st National 
conference on environmental health, health and environmental sustainability, Hamedan, Iran, 
2014. 
Book chapters 
1- Modeling in Ecology and the Environment. Selected Papers Based on System Dynamics, 2019. ISBN: 
9781687000323; This book is based on selected papers that have utilized System Dynamics, in 
modeling ecology and the environment. One of my papers, entitled “Water Quality Modeling of 
Mahabad Dam Watershed–Reservoir System under Climate Change Conditions, using SWAT and 
System Dynamics” is discussed in this book, as a chapter. 
 
2- Water Quality, Principles and Calculations, 2019. ISBN: 978-600-8257-33-2; Collaborated with Dr. 
Amir Taebi in writing the book. My duties were drawing and editing the figures used in the book, 
controlling the example solutions in each chapter, editing the text, and doing a literature review 
for the chapter that discussed numerical models used in water quality studies.  
PEER-REVIEW ACTIVITIES 
• Journal of Water Resources Planning and Management (Reviewed one article, 2019); 
• Environmental Monitoring and Assessment (Reviewed one article, 2020); 
• Water (Reviewed three articles, 2019); 
• International Journal of Environmental Research and Public Health (Reviewed one article, 2020); 
• International Journal of Civil Engineering (Reviewed two articles, 2019, 2020);  
• Arabian Journal of Geosciences (Reviewed six articles, 2019, 2020);  
• Advances in Civil Engineering (Reviewed two articles, 2020);  
• Engineering, Technology & Applied Science Research (Reviewed four articles, 2019, 2020). 
TEACHING ASSISTANTSHIP EXPERIENCE  
Water Resources Engineering – WSU 
Under the supervision of Dr. Jennifer Adam; Number of students: 50; I was responsible for 
grading the assignments and quizzes. 
Spring 
2017 
Sustainability: Green Engineering – WSU 
Under the supervision of Dr. Quinn Langfitt; Number of students: 30; I was responsible for 
grading the assignments and quizzes. Moreover, when the instructor was out of town, I held 





Environmental Engineering – IUT 
Under the supervision of Dr. Masoud Taheriyoun; Number of students: 25; I was responsible 
for grading the assignments and quizzes. Moreover, I held problem-solving classes for the 




Technical English for the Students of Civil Engineering – Shahed University 
Under the supervision of Dr. Javad Sodagari; Number of students: 40; I was responsible for 
grading the assignments and quizzes. Additionally, as a class project, we wrote the first 
English to Farsi dictionary of Civil Engineering in Iran. Each student was assigned a letter, 




SUPERVISION AND MENTORSHIP EXPERIENCE  
• Mentored and supervised international interns and undergraduate students at UNLV, in 
research; taught them how to use the equipment in the fluid dynamics lab at UNLV, and 
familiarized them with some CFD numerical models. 
2019 
• Assessment of Iran's rainfall changes in the coming decades using climate change 
scenarios; mentored a student from Hakim Sabzevari University in how to extract data 
from climate models and how to downscale them. 
2018 
• Bayesian regression and neuro-fuzzy methods reliability assessment for estimating 
sediment load; mentored a student from Sari Agricultural Sciences and Natural 
Resources University in setting up a watershed model in the Soil and Water Assessment 
Tool (SWAT), and how to calibrate/validate the model. 
2018 
• GCM data downscaling using data-driven techniques; mentored a student from Shahrood 
University of Technology in how to extract data from climate models and how to 
downscale them. 
2017 
• Assessment of the impact of climate and land-use change on water quality of the reservoir 
with an emphasis on watershed-reservoir relationships (case study: Shirindarreh 
Reservoir); mentored a student from Ferdowsi University of Mashhad in setting up the 
watershed model of the Shirindarreh Reservoir in SWAT, and how to calibrate/validate 
the model. 
2017 
• Comprehensive qualitative modeling and applying best management practices to Dez 
River using the SWAT model; mentored a student from Shahid Chamran University of 
Ahvaz in setting up the watershed model of the Dez River in SWAT, and how to 
calibrate/validate the model. 
2016 
• Investigating the effect of climate change on drought characteristics of Karkheh River 
basin, considering the sources of uncertainty; mentored a student from Isfahan 
University of Technology in how to extract data from climate models and how to 
downscale them for the Karkheh River basin. 
2015 
• Investigating the effect of climate change on surface runoff of the Gamasiab River basin; 
mentored a student from Isfahan University of Technology in how to extract data from 
climate models and how to downscale them for the Gamasiab River basin. 
2015 
PROFESSIONAL MEMBERSHIPS  
• Editorial board member of American Journal of Civil Engineering;  
• Member of: American Society of Civil Engineers (ASCE); The Water Research Foundation; 




• FLOW-3D – CCRFCD August 2018 
• SWAT model training workshop – Shahid Beheshti University May 2016 
• High-Performance Liquid Chromatography (HPLC) – IUT March 2014 
• Storm Water Management Model (SWMM) – Iran’s Hydroinformatic Institute May 2014 
• MODFLOW – Iran’s Hydroinformatic Institute August 2013 
SKILLS  
Research skills 
Establishing objectives and needs, evaluating options, and choosing the best option; generating new 
ideas and creating new designs; developing appropriate methodology and implementing a plan; 
collecting and compiling data; analyzing data, summarizing findings, and writing reports. 
Teaching and supervising skills 
Adjusting content and teaching style to the audience; motivating and helping individuals to perform 
well; providing feedback in a constructive way; working and communicating with others to satisfy 
their needs and expectations; identifying and using human resources in an effective way. 
Software skills 
Proficient Intermediate Familiar 
FLOW-3D, SWAT, SWAT-CUP, CE-QUAL-W2, SWMM, 
HEC-RAS, HEC-HMS, iThink Architect (Stella), 
WaterCAD, AutoCAD, SketchUp, Microsoft Office 
ArcGIS, MODFLOW, 
LOOP, Minitab, 
SAP2000, ETABS, SAFE 
MATLAB, 
Python, PAST 
Hardware and mechanical skills 
Professional knowledge of hardware devices and their management; assembled five powerful PCs at 
UNLV (Intel Core i9 Extreme CPU; 64 GB RAM; 22 TB HHD), for CFD simulations; installing, repairing, 
operating, and monitoring the performance of equipment and mechanical devices. 
Language skills 
English (fluent); Persian (native); Arabic (familiar); Turkish (familiar) 
Other skills 
Time management; self-motivated; strong verbal and communication skills; flexible to work in all 
conditions; adaptable to new situations and settings, by seeing change as an opportunity, rather than 
a problem. 
TV INTERVIEW 
Interviewed by the Flood Channel, regarding the design of flood control channels in Las Vegas. The 
video is available online at: https://www.youtube.com/watch?v=3CD7sCIfc7E&t=318s 
